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Foreword 


The  project  to  develop  time-of-flight  mediiim  energy  backscattering  spectrometry 
(MEBS)  as  a  complement  to  conventional  MeV  Rutherford  backscattering  spectrometry 
(RBS)  began  at  Vanderbilt  approximately  ten  years  ago.  Support  from  the  U.S.  Army 
Research  Office,  in  the  form  of  this  grant,  and  a  predecessor  program  has  been  crucial  in 
completing  the  work.  Throughout  the  effort,  the  goals  have  been  to  understand  the 
time-of-flight  spectrometer,  to  optimize  its  design  until  its  performance  is  limited  by 
fundamental  physical  constraints,  and  to  apply  the  technique  to  novel  problems  that  are 
difficult  or  impossible  to  address  using  earlier  methods.  The  submission  of  this  report 
occasions  the  completion  of  this  project.  The  central  issues,  to  establish  the  efficiency 
and  resolution  of  the  spectrometer,  have  been  resolved,  and  analytical  tools  have  been 
developed  to  optimize  spectrometer  design  and  to  facilitate  the  analysis  of  MEBS  data. 
In  order  to  document  the  full  project  in  one  place,  we  are  includiag  a  collection  of  publi¬ 
cations  as  an  appendix  to  this  report  that  form  the  core  of  the  effort  spanning  its  full  du¬ 
ration.  The  papers  chosen  for  inclusion  document  spectrometer  physics  and  the 
mathematical  tools  that  have  been  developed  to  support  the  method.  Also  included  are 
a  few  reports  of  applications  chosen  to  emphasize  the  strength  of  this  method  relative  to 
alternatives.  These,  along  with  a  tutorial  article  to  appear  in  a  forthcoming  reference 
work  on  analytical  methods  in  materials  research,  which  is  cited  in  the  bibliography 
below,  can  be  viewed  as  the  definitive  description  of  the  work  of  the  project. 
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Statement  of  the  problem 

The  title  of  this  project  was  "High  resolution  medium  energy  ion  beam  analysis  and 
processing  of  ultra-thin  films."  Building  upon  the  results  of  an  earlier  ARO  sponsored 
program/  it  sought  to  accomplish  several  objectives  needed  to  complete  the  develop¬ 
ment  of  time-of-flight  medium  energy  ion  beam  analysis,  and  thereby  to  make  it  gener¬ 
ally  useful  for  thin-film  materials  science.  The  stated  objectives  of  the  program  were  as 
follows: 

•  To  enhance  time-of-flight  spectrometer  timing  resolution  through  a  combination  of 
measures  in  order  to  achieve  near  surface  depth  resolution  of  approximately  1  nm, 
and  to  apply  this  to  the  analysis  of  oxide  and  nitride  films  on  semiconductors. 

•  To  develop  analytical  methods  and  corresponding  computer  tools  to  obtain  the 
maximum  mformation  available  from  high-resolution  backscattering  data. 

•  To  explore  the  relative  merits  of  alternate  strategies,  including  pulsed-beam  ap¬ 
proaches,  for  high-resolution  ion  beam  analysis. 

•  To  use  medium  energy  ion  beam  analysis  to  investigate  selected  organic  and  inor¬ 
ganic  thin  films,  and  in  the  course  of  this  work  to  optimize  analytical  strategies  for 
them. 

The  goal  of  this  program  was  to  establish  a  body  of  literature  sufficient  in  scope  and 
detail  that  a  thin  film  materials  scientist  familiar  with  ion  beam  analysis  could  imple¬ 
ment  a  time-of-flight  system  suitable  for  the  problem  at  hand,  could  apply  this  system 
with  confidence,  and  corxld  interpret  the  data  in  order  to  draw  useful  conclusions. 


*  The  Aiialysis  of  Hydrogen  in  Materials  Using  Low  Energy  Ion  Beams,  U.  S.  Army  Research  Office, 
DAAL  03-92-G-0037,  Robert  A.  WeUer. 
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Summary  of  Results 

Although  the  scope  of  this  program  was  limited  after  the  first  year  as  a  result  of  fiscal 
constraints,  all  the  objectives  set  forth  in  the  original  program  were  nevertheless  accom¬ 
plished.  In  the  following  sections,  which  are  keyed  to  the  bullet  list  above,  the  basic 
findings  are  summarized  briefly. 

Time-of-flight  Spectrometer  Resolution 

Understanding  the  factors  that  control  spectrometer  resolution  proved  to  be  the  most 
difficult  and  time-consuming  question  in  the  whole  of  the  medium  energy  backscatter- 
ing  project.  The  issue  concerned  identifying  the  reason  that  carbon-foil-based  time  of 
flight  spectrometers  failed  to  achieve  the  resolution  expected  theoretically  based  upon 
reasonable  physical  assumptions  about  their  behavior.  As  described  m  our  paper,  ref¬ 
erence  2  below,  others  had  attributed  .this  discrepancy  to  xmidentified  path  length  un¬ 
certainty  over  and  above  that  which  would  be  expected  from  an  analysis  of  the  spec¬ 
trometer  geometry.  We  showed  in  reference  2  that,  in  fact,  it  is  due  to  unexpected 
roughness  in  the  carbon  foils  that  are  used  in  spectrometers  of  this  type.  On  an  atomic 
scale,  the  path  lengths  of  ion  passing  through  these  foils  are  much  more  variable  than 
foil  manufacturers'  specifications  imply.  We  demonstrated  this  both  by  ion  beam 
analysis  of  a  foil  and  by  atomic  force  microscopy. 

When  the  measured  foil  roughness  parameters  are  folded  into  our  spectrometer  model, 
we  achieved  excellent  agreement  between  predicted  and  measured  system  resolution. 
With  the  long-standing  discrepancy  between  these  values  finally  resolved,  we  were  able 
to  predict  the  system  resolution  and  to  identify  the  optimum  design  for  spectrometers 

of  this  type.  The  optimum  design  varies 
from  our  current  configuration  only  in 
having  a  different  start-foil  geometry,  one 
in  which  the  plane  of  the  foil  is  normal  to 
the  spectrometer  axis.  However,  the  dif¬ 
ference  is  small.  With  available  carbon 
foils,  we  achieve  an  energy  resolution  for 
detection  of  oxygen  in  thin  oxides  of  about 
1.3  keV  (see  fig.  1),  which  translates  to  a 
depth  resolution  of  about  13  A  for  oxygen 
on  silicon  with  a  beam-stirface  angle  of  45® 
(<110>  direction  in  the  silicon  crystal).  See 
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Fig.  1.  Energy  resolution  of  the  time-of-flight 
spectrometer  as  a  fimction  of  particle  energy. 
From  McDonald,  Weller,  and  Liechtenstein  1999, 
dted  below. 
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fig.  2.  Near  surface  resolution  is  actu¬ 
ally  <  10  A  at  55°,  a  reasonable  and 
widely  used  angle  for  backscattering. 

Thus,  we  have  achieved  the  goal,  10  A 
at  the  surface  of  SiOj,  set  forth  origi¬ 
nally. 

If  the  technology  for  making  ultra-uni¬ 
form  carbon  foils  can  be  developed  (and 
recent  work  at  NIST  on  foils  for  x-ray 
work  suggests  that  it  can),  then  the 
time-of-flight  approach  to  medium  en¬ 
ergy  backscattering  spectrometry  will 
be  fully  competitive  with  the  electro¬ 
static  analyzer  (ESA)  method.  As  of  this  writing,  the  ESA  approach  gives  marginally 
better  resolution  but  enough  so  to  make  it  preferred  (if  it  is  available)  for  the  very  high¬ 
est  resolution  studies  of  ultra-thin  dielectrics.  This  having  been  said,  in  general  appli¬ 
cations  requiring  high  depth  resolution  for  thin  film  analysis,  MEBS  is  probably  the  best 
technique  now  available,  especially  for  relatively  fragile  films  such  as  organic  layers. 

Analytical  tools 

Experimental  advances  in  medium  energy  ion  beam  analysis  generated  parallel  re¬ 
quirements  for  computational  tools  with  which  to  analyze  data.  The  general-purpose, 
spectrum  analysis  tools  developed  over  the  years  for  conventional  Rutherford  back- 
scattering  spectrometry  were  never  intended  to  handle  situations  were  projectile  ener¬ 
gies  necessitate  the  use  of  screened  cross  sections.  Moreover,  they  were  computer 
hardware  dependent  and  not  easily  adaptable,  at  least  by  other  than  their  original 
authors,  to  medium  energy  work.  As  a  resxilt,  we  xmdertook  over  several  years  to  de¬ 
velop  a  comprehensive,  self-consistent  set  of  computational  tools  for  ion  beam  work 
using  the  computer  mathematics  system  Mathematical}  These  are  computer-hardware 
independent,  modular,  and  much  more  flexible  than  earlier  systems.  As  a  result,  they 


Energy  (keV) 

Fig.  2.  ToF  spectrometer  depth  resolution  for  oxygen 
in  Si02  at  a  target  angle  of  45°  as  a  function  of  He"  ion 
beam  energy.  From  McDonald,  Weller,  and 
Liechtenstein  1999,  cited  below. 


^  Wolfram,  S.,  The  Mathematica  Book,  3”*  ed,  Cambridge:  Cambridge  University  Press,  1996.  Mathematical, 
the  programming  environment  for  technical  computing,  is  a  product  of  Wolfram  Research,  Inc. 
http:  /  /  WWW. wri.com. 
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are  especially  tiseful  for  one-of-a-kind  computations.  The  system  is  documented  in  ref¬ 
erence  8  in  the  publication  list  below.  This  paper  also  appears  in  full  in  the  appendix. 

Because  it  has  been  implemented  in  Mathematica,  this  tool  set  offers  the  user  access  to 
extremely  powerful  general-purpose  mathematical  functions  both  in  support  of  the  ion 
beam  routines  and  for  combining  results  in  novel  and  interesting  ways.  Of  particular 
note  is  the  availability  of  symbolic  computation.  This  innovation  makes  it  possible  to 
di^erentiate,  integrate  and  otherwise  manipulate  quantities  for  which  closed-form  ex¬ 
pressions  exist.  Wherever  possible,  this  tool  set  returns  dosed  form  symbolic  expres¬ 
sions. 

The  philosophy  of  the  calculations  generally  follows  that  of  the  underlying  program 
Mathematica.  Computational  accuracy,  embodied  in  the  selection  of  algorithms,  takes 
precedence  over  execution  speed.  As  a  result,  some  functions  in  the  tool  set  are  slow 
when  compared  with  implementations  in  a  compiled  language  such  as  C  or  Fortran.  In 
a  case  where  greater  speed  is  needed,  it  is  often  possible  to  take  advantage  of  Mathe- 
matica's  own  tools,  such  as  those  for  function  approximation,  to  achieve  it.  Overall,  it 
has  been  our  experience  through  several  years  of  development  and  use  that  the  effi- 
dency  of  getting  final  answers  to  complex  problems  using  this  tool  set  is  higher  than 
with  any  otiier  computational  strategy  that  we  have  employed. 

During  the  course  of  this  work  we  also  briefly  explored  alternative  data  analysis  ap¬ 
proaches  characterized  by  the  work  described  in  ref.  7  below.  While  intriguing,  the 
demands  made  by  these  methods  for  sheer  numbers  of  computer  cycles  were  incom¬ 
patible  with  the  decision  described  above  to  concentrate  on  accuracy  rather  than  effi¬ 
ciency.  As  a  result,  we  have  left  these  methods  as  the  subject  for  further  work  as  com¬ 
puter  speeds  advance.  Nevertheless,  as  demonstrated  in  ref.  2,  the  system  described  in 
ref.  8,  more  than  exceeds  our  objectives  as  outlined  in  the  bullet  list  above. 

Alternative  Methods 

Preliminary  computations  undertaken  prior  to  this  project  suggested  that  pulsed-beam 
time-of-flight  spectrometry  might  be  competitive  with  the  carbon  foil  method  that  we 
were  developing.  However,  early  in  the  project  we  concluded  after  more  careful  analy¬ 
sis  that  the  disadvantages  of  the  pulsed-beam  technique  were  sufficient  to  make  it  un¬ 
likely  that  it  could  compete  in  either  resolution  or  sensitivity. 

Basically,  there  were  two  problems  with  the  pulsed  beam  approach.  First,  the  finite  size 
of  the  beam  spot  produced  path  length  variations  as  a  function  the  location  of  ion  im- 
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pacts  on  the  target  that  resulted  in  unacceptably  large  timing  uncertainty.  These  varia¬ 
tions  are  not  present  in  the  start-foil  system  and  as  a  result,  start  foils  yield  better  reso¬ 
lution.  The  second  problem  with  pulsed  beam  systems  was  duty  factor.  In  order  to 
obtain  short  pulses,  it  is  necessary  to  either  reduce  the  duty  factor  or  modxilate  the  beam 
energy  or  both.  An  attractive  optimization  of  these  quantities  could  not  be  convincingly 
established,  even  though  discussions  with  an  accelerator  vendor.  National  Electrostat¬ 
ics,  Corporation,  suggested  that  sufficiently  short  beam  pulses  cotdd  indeed  be  pro¬ 
duced  with  beam  drift  lengths  downstream  of  a  pulser  and  bxmcher  which  were  con¬ 
sistent  with  space  available  in  our  laboratory. 

It  is  our  conclusion  that  for  a  resolution  optimized  system,  only  electrostatic  spec¬ 
trometers  (and  possibly  magnetic  spectrometers)  are  competitive  with  time-of-flight. 
The  trade-offs  among  these  systems  are  discussed  in  reference  1. 

Applications 

In  selecting  applications  we  sought  problems  which  were  not  easily  accessible  by  other 
techniques.  Here  we  mention  three,  depth  profiling  of  dielectric  films  on  silicon,  quan¬ 
tification  of  surface  hydrogen,  and  the  analysis  of  organic  layers.  The  profiling  of  di¬ 
electrics  was  done  in  collaboration  with  colleagues  at  Texas  Instniments,  Inc.,  and  is 
documented  in  ref.  12,  which  also  appears  in  full  in  the  appendix. 

One  of  the  early  motivations  for  this  work  was  to  establish  an  additional  method  for 
quantif5dng  surface  and  near  siurface  hydrogen.  Hydrogen  is  important  in  determining 
properties  of  materials,  yet  it  is  surprisingly  difficult  to  measure,  particialarly  when  it  is 
present  in  low  concentrations.  One  of  the  conclusions  of  this  work  is  that,  while  me¬ 
dium  energy  hydrogen  measurements  are  possible,  the  optimum  energy  for  forward 
recoil  hydrogen  measurement  is  probably  in  the  range  of  1-5  MeV,  at  least  when  using 
projectiles  such  as  oxygen,  neon,  or  argon.  Reference  10  below  provides  further  details 
on  this  conclusion. 

The  most  surprising  result  to  be  obtained  in  the  coxirse  of  this  work  comes  from  one  of 
the  applications,  the  analysis  of  aluminum  in  an  organic  light  emitting  diode  structure 
(Ref.  4).  In  this  experiment,  medium  energy  backscattering  was  used  to  show  that  alu¬ 
minum  from  one  of  the  metallic  electrodes  migrated  into  the  organic  film  and  mflu- 
enced  the  photoluminescence.  Alromintun  oxide  was  found  to  suppress  this  migration. 
The  interesting  thing  for  the  pxirpose  of  this  report  is  the  extreme  detail  obtained  by 
mpHiiim  energy  backscattering.  Not  only  was  aluminum  identified  in  the  organic  ma- 
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trix  in  excess  of  its  normal  concentration,  but  a  sxirfece  layer  was  identified  and  corre¬ 
lated  with  excess  oxygen,  revealing  the  layer  to  be  in  all  probability  AljOj.  These  data 
were  particularly  gratifying  since  strenuous  efforts  had  been  made  previously  without 
success  to  analyze  these  samples  using  conventional  Rutherford  backscattering. 

Finally,  it  is  important  to  note  our  measurement  of  trace  element  sputtering.  One  of  the 
spin-offe  from  Vanderbilt's  meditun  energy  ion  scattering  program  was  a  collaboration 
with  Sandia  National  Laboratories  to  build  a  time-of-flight  backscattering  system  opti¬ 
mized  for  ultra-high  sensitivity  trace  element  analysis  of  semiconductors  using  heavy 
ions  such  as  carbon  and  nitrogen.  This  system,  knows  as  the  HIBS  system  for  heavy-ion 
backscattering  spectrometry,  has  been  used  by  our  Sandia  colleagues  to  obtain  the 
highest  sensitivity  backscattering  measurements  ever  made.  Reference  11  describes 
measurements  at  Vanderbilt  xmdertaken  to  establish  the  rate  of  sputtering  of  trace  con¬ 
stituents  of  a  surface,  and  thereby  to  assess  the  best  seirsitivity  which  is  physically  pos¬ 
sible  to  achieve  by  backscattering. 
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made  to  this  device  in  the  course  of  this  project,  none  of  these  were  separately  disclosed 
or  patented.  Rather,  they  were  put  into  the  public  domain  through  the  publications  re¬ 
ported  above. 
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Appendix 


The  papers  that  are  reproduced  below  form  the  core  documentation  of  the  time-of-flight 

medium  energy  ion  scattering  project.  Here  we  list  the  papers  in  order  and  provide  a 

sentence  or  two  describing  their  content  or  significance. 

1.  R.  A.  Weller,  "General  purpose  computational  tools  for  simulation  and  analysis  of 
mediiam-energy  backscattering  spectra,"  presented  at  Applications  of  Accelerators 
in  Research  and  Industry,  The  University  of  North  Texas,  Denton,  Texas,  1998.  An 
extensive  body  of  analytical  tools  for  analysis  of  medirim  energy  data  was  written 
over  the  years  in  the  Mathematical  computer  language.  These  tools  are  docu¬ 
mented  in  this  paper. 

2.  K.  McDonald,  R.  A.  Weller,  and  V.  K.  Liechtenstein,  "Quantitative  evaluation  of 
the  determinants  of  resolution  in  time-of-flight  spectrometers  for  medium  energy 
ion  beam  analysis,"  Nuclear  Instruments  &  Methods  in  Physics  Research,  Section  B 
(Beam  Interactions  with  Materials  and  Atoms),  vol.  152,  pp.  171-81,  1999.  This  paper 
identifies  the  non-uniformity  of  the  carbon  start  foil  as  the  most  important  factor  in 
determining  spectrometer  resolution,  and  thus  solves  the  last  major  outstanding 
problem  in  understand  spectrometer  performance. 

3.  M.  B.  Huang,  K.  McDonald,  J.  C.  Keay,  Y.  Q.  Wang,  S.  J.  Rosenthal,  R.  A.  Weller, 
and  L.  C.  Feldman,  "Suppression  of  penetration  of  altuninum  into  8-hydroxyqui- 
noHne  aluminum  via  a  thin  oxide  barrier,"  Applied  Physics  Letters,  vol.  73,  pp.  2914- 
16, 1998.  In  this  application,  aluminum  was  observed  to  migrate  into  organic  thin 
films  and  to  change  their  optical  properties.  Rutherford  backscattering  was  imable 
to  see  the  effect.  Here  it  is  observed  and  quantified. 

4.  J.  H.  Arps  and  R.  A.  Weller,  "Determination  of  the  hydrogen  sensitivity  and  depth 
resolution  of  medium-energy,  time-of-flight,  forward-recoil  spectrometry,"  Nuclear 
Instruments  &  Methods  in  Physics  Research,  Section  B  (Beam  Interactions  with  Materials 
and  Atoms),  vol.  119,  pp.  527-32, 1996.  This  paper  establishes  the  quantitative  pa¬ 
rameters  for  hydrogen  measurement  by  medium  energy  forward  recoil  spec¬ 
trometry. 

5.  D.  Pedersen,  R.  A.  Weller,  M.  R.  Weller,  V.  J.  Montemayor,  J.  C.  Banks,  and  J.  A. 
Knapp,  "Sputtering  and  migration  of  trace  quantities  of  transition  metal  atoms  on 
silicon,"  Nuclear  Instruments  &  Methods  in  Physics  Research,  Section  B  (Beam  Interac¬ 
tions  with  Materials  and  Atoms),  vol.  117,  pp.  170-4, 1996.  One  of  the  spin-offs  from 
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this  project  was  the  heavy  ion  backscattering  (MBS)  project  at  Sandia  National 
Laboratories  in  which  a  time-of-flight  medium  energy  backscattering  system  was 
optimized  for  ultra-high  sensitivity  trace  element  analysis  using  heavy  projectiles. 
Sputtering  is  one  factor  limiting  the  ultimate  sensitivity.  This  is,  we  believe,  the 
first  paper  to  deal  with  the  sputter  removal  of  trace  elements. 

6.  R.  A.  Weller,  K.  McDonald,  D.  Pedersen,  and  J.  A.  Keenan,  "Analysis  of  a  thin,  sili¬ 
con-oxide,  silicon-nitride  multilayer  target  by  time-of-flight  medium  energy  back- 
scattering,"  Nuclear  Instruments  &  Methods  in  Physics  Research,  Section  B  (Beam  Inter¬ 
actions  with  Materials  and  Atoms),  vol.  118,  pp.  556-9,  1996.  One  of  the  original  rea¬ 
sons  for  developing  MEBS  was  to  analyze  ultra-thin  dielectrics  on  semiconductors. 
This  paper  describes  the  measurement  of  such  a  target  and  is  representative  of 
semiconductor  applications. 

7.  J.  H.  Arps  and  R.  A.  Weller,  "Time-of-flight  elastic  recoil  analysis  of  ion  beam 
modified  nitrocellulose  thin  films,"  Nuclear  Instruments  &  Methods  in  Physics  Re¬ 
search,  Section  B  (Beam  Interactions  with  Materials  and  Atoms),  vol.  BlOO,  pp.  331-5, 
1995.  One  of  the  significant  strengths  of  MEBS  is  its  ability  to  analyze  fragile  or¬ 
ganic  thin  films.  This  paper  describes  such  an  analysis  and  is  partioilarly  note¬ 
worthy  in  that  it  is  an  example  of  the  use  of  ion  backscattering  to  observe  a  chemi¬ 
cal  process,  the  radiation  induced  remove  of  NOj  groups  from  the  target  material. 

8.  R.  A.  Weller,  "The  impact  of  spectrometer  efficiency  on  the  trace-element  sensitiv¬ 
ity  of  time-of-flight  medium  energy  backscattering,"  Nuclear  Instruments  &  Methods 
in  Physics  Research,  Section  B  (Beam  Interactions  with  Materials  and  Atoms),  vol.  B99, 
pp.  491-4, 1995,  and  (erratum)  Bill,  p.  190,  1996.  This  paper  establishes  the  rela¬ 
tionship  between  spectrometer  parameters  and  trace  element  sensitivity  and 
thereby  provides  a  means  to  predict  the  performance  of  MEBS  (or  MBS)  in  this 
application. 

9.  J.  H.  Arps,  M.  E.  Miklis,  and  R.  A.  Weller,  "Adaptation  of  particle-telescope  tech¬ 
nology  for  medium  energy  ion  beam  analysis,"  Review  (rf  Scientific  Instruments,  vol. 
65,  pp.  1575-9,  1994.  This  proof-of-concept  paper  describes  a  spectrometer  that 
uses  a  surface  barrier  detector  for  stop  signals,  and  demonstrates  the  value  of  the 
energy  information  in  discriminating  useable  signal  in  the  presence  of  background. 

10.  R.  A.  Weller,  J.  H.  Arps,  D.  Pedersen,  and  M.  H.  Mendenhall,  "A  model  of  the  in¬ 
trinsic  efficiency  of  a  time-of-flight  spectrometer  for  keV  ions,"  Nuclear  Instruments 
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6*  Methods  in  Physics  Research,  Section  A  (Accelerators,  Spectrometers,  Detectors  and 
Associated  Equipment),  voL  353,  pp.  579-82,  1994.  This  paper  describes  a  mathe¬ 
matical  model  of  the  time-of-flight  spectrometer  quantiim  efficiency  and  repre¬ 
sents  the  culmination  of  the  research  into  this  aspect  of  spectrometer  behavior. 

11.  M.  H.  Mendenhall  and  R.  A.  Weller,  "An  algorithm  for  ab  initio  computation  of 
small-angle-multiple  scattering  angular  distributions,"  Nuclear  Instruments  & 
Methods  in  Physics  Research,  Section  B  (Beam  Interactions  with  Materials  and  Atoms), 
vol.  B93,  pp.  5-10, 1994.  In  this  paper,  we  revisit  the  well-known  problem  of  small- 
angle  multiple  scattering  and  present  new  algorithms  based  upon  the  fast  Fourier 
transform  algorithm,  for  obtaining  multiple  scattering  angular  distributions.  These 
are  needed  for  computing  spectrometer  efficiency. 

12.  J.  H.  Arps  and  R.  A.  Weller,  "Measurement  of  time-of-flight  spectrometer  effi¬ 
ciency  for  light  ions  at  meditun  energies,"  Nuclear  Instruments  Methods  in  Physics 
Research,  Section  B  (Beam  Interactions  with  Materials  and  Atoms),  vol.  B90,  pp.  547-51, 
1994.  Numerous  factors  affect  time-of-flight  spectrometer  efficiency.  This  paper 
presents  measurements  of  the  efficiency  for  detecting  light  ions  of  interest  for 
backscatteiing  spectrometry. 

13.  R.  A.  Weller,  "Instrumental  effects  on  time-of-flight  spectra,"  Nuclear  Instruments  6* 
Methods  in  Physics  Research,  Section  B  (Beam  Interactions  with  Materials  and  Atoms), 
vol.  B79,  pp.  817-20,  1993.  This  paper  establishes  the  criterion  for  trace  element 
sensitivity  and  presents  the  mathematical  relationship  between  observed  time-of- 
flight  spectra  and  corresponding  energy  spectra  as  a  function  of  count  rate.  The 
model  is  useful  for  predicting  the  effects  of  count  rate  and  establishes  the  theoreti¬ 
cal  basis  for  converting  time-of-flight  spectra  to  energy  spectra. 

14.  J.  H.  Arps  and  R.  A.  Weller,  "Medium  energy  elastic  recoil  analysis  of  surface  hy¬ 
drogen,"  Nuclear  Instruments  &  Methods  in  Physics  Research,  Section  B  (Beam  Interac¬ 
tions  with  Materials  and  Atoms),  vol.  B79,  pp.  539-44,  1993.  This  paper  introduces 
medium  energy  forward  recoil  spectrometry  as  a  method  for  measuring  surface 
hydrogen  and  other  low  atomic  mass  surface  constituents. 

15.  M.  H.  Mendenhall  and  R.  A.  Weller,  "High-resolution  medium-energy  backscat- 
tering  spectrometry,"  Nuclear  Instruments  &  Methods  in  Physics  Research,  Section  B 
(Beam  Interactions  with  Materials  and  Atoms),  vol.  B59-B60,  pp.  120-3, 1991.  This  pa¬ 
per  discusses  the  relative  merits  of  medium  energy  ion  beam  analysis  with  ions 
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such  as  Li",  and  presaits  examples  including  the  ion  beam  erosion  of  CaFj. 

16.  M.  H.  Mendenhall  and  R.  A.  Weller,  "Algorithms  for  the  rapid  computation  of 
classical  cross  sections  for  screened  Coulomb  collisions,"  Nuclear  Instruments  & 
Methods  in  Physics  Research,  Section  B  (Beam  Interactions  with  Materials  and  Atoms), 
vol.  B58,  pp.  11-17,  1991.  Previous  papers  dealing  with  the  computation  of  the 
classical  scattering  cross  section  for  realistic  potentials  had  used  brute  force  with 
high-order  quadratures.  In  this  paper,  we  present  algorithms  for  computing  clas¬ 
sical  cross  sections  that  are  both  accurate  and  efficient.  This  work  forms  the  basis 
for  computing  all  screened  Coulomb  cross  sections  used  in  this  project.  See  1 
above. 

17.  M.  H.  Mendenhall  and  R.  A.  Weller,  "Destruction  of  a  MgFz  optical  coating  by 
250  keV  alpha  particle  irradiation,"  Applied  Physics  Letters,  vol.  57,  pp.  1712-14, 
1990.  This  was  one  of  the  first  significant  applications  of  MEBS.  In  this  paper,  us¬ 
ing  the  high  depth  resolution  of  the  technique,  we  showed  that  radiation  effects 
data  on  bulk  MgFj  were  not  sufficient  to  predict  the  effects  of  a  particle  radiation 
on  thin  films,  and  thereby  identified  a  potential  problem  for  optical  coatings  in  the 
radiation  environment  of  space. 

18.  M.  H.  Mendenhall  and  R.  A.  Weller,  "Performance  of  a  time-of-flight  spectrometer 
for  thin  film  analysis  by  medium  energy  ion  scattering,"  Nuclear  Instruments  & 
Methods  in  Physics  Research,  Section  B  (Beam  Interactions  with  Materials  and  Atoms), 
vol.  B47,  pp.  193-201,  1990.  This  paper  presented  the  first  experimental  results  of 
our  time-of-flight  medium  energy  ion  beam  analysis  program. 

19.  M.  H.  Mendenhall  and  R.  A.  Weller,  "A  time-of-flight  spectrometer  for  medium 
energy  ion  scattering,"  Nuclear  Instruments  &  Methods  in  Physics  Research,  Section  B 
(Beam  Interactions  with  Materials  and  Atoms),  vol.  B40-41,  pp.  1239-43,  1989.  This 
paper,  written  dtuing  the  bxulding  of  our  first  spectrometer,  outlined  its  theory  of 
operation  and  offered  predictions  as  to  the  performance  that  would  be  achieved. 
(We  tmderestimated  the  quality  of  data  that  would  result.) 
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General  Purpose  Computational  Tools  for  Simulation  and 
Analysis  of  Medium-Energy  Backscattering  Spectra 

Robert  A.  Weller* 

Vanderbilt  Universiry^  Nashville,  Tennessee  37235 

This  paper  describes  a  suite  of  computational  tools  for  general-purpose  ion-solid  calculations,  which  has  been  implemented  in 
the  platform-independent  computational  environment  Mathematical.  Although  originally  developed  for  medium  energy  work 
(beam  energies  <  300  keV),  they  are  suitable  for  general,  classical,  non-relativistic  calculations.  Routines  are  available  for  stop¬ 
ping  power,  Rutherford  and  Lenz- Jensen  (screened)  cross  sections,  sputtering  yields,  small-angle  multiple  scattering,  and  back- 
scattering-specmim  simulation  and  analysis.  Also  included  are  a  full  range  of  supporting  functions,  as  well  as  easily  accessible 
atomic  mass  and  other  data  on  all  the  stable  isotopes  in  the  periodic  table.  The  functions  use  common  calling  protocols,  recog¬ 
nize  elements  and  isotopes  by  symbolic  names  and,  wherever  possible,  return  symbolic  results  for  symbolic  inputs,  thereby  fa¬ 
cilitating  turther  computation.  A  new  paradigm  for  the  representation  of  backscattering  spectra  is  inmoduced. 


INTRODUCTION 

In  spite  of  the  great  advances  in  the  processing  power  of 
computers  over  the  last  few  years  most  practitioners  in  the 
ion-solid  interactions  community  still  find  it  necessary  to 
rely  on  a  collection  of  books,  tables,  special-purpose  com¬ 
mercial  or  freeware  programs,  and  locally  written  software, 
when  doing  calculations.  Although  excellent  and  very 
widely  used  programs  such  as  RUMP*  exist  for  special 
purpose  calculations,  their  output  is  often  cumbersome  to 
combine  and  use  in  other  environments.^ 

This  paper  describes  a  consistent  set  of  computational 
tools  for  ion-solid  work  that  has  been  constructed  in  order 
to  facilitate  prototyping  and  one-of-a-kind  computations. 
Because  it  has  been  implemented  in  Mathematical^  this 
tool  set  is  platform  independent  and  offers  the  user  access 
to  extremely  powerful  general-purpose  mathematical 
functions  both  in  support  of  these  routines  and  for  com¬ 
bining  their  results  in  novel  and  interesting  ways.  Of  par¬ 
ticular  note  is  the  availability  of  symbolic  computation. 
This  innovation  makes  it  possible  to  differentiate,  integrate 
and  otherwise  manipulate  quantities  for  which  closed-form 
expressions  exist.  Wherever  possible,  this  tool  set  returns 
these  closed  form  symbolic  expressions. 

The  philosophy  of  the  calculations  generally  follows 
that  of  the  underlying  program  Mathematica  in  which 
computational  accuracy,  embodied  in  the  selection  of  algo¬ 
rithms,  takes  precedence  over  execution  speed.  As  a  result, 
some  functions  in  the  tool  set  are  slow  when  compared 
with  implementations  in  a  compiled  language  such  as  C  or 
Fortran.  In  a  case  where  greater  speed  is  needed,  it  is  often 
possible  to  take  advantage  of  Mathematica* s  own  tools, 
such  as  those  for  function  approximation,  to  achieve  it. 
Overall,  it  has  been  our  experience  through  several  years  of 
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development  and  use  that  the  efficiency  of  getting  final 
answers  to  complex  problems  using  this  tool  set  is  higher 
than  with  any  other  computational  strategy  that  we  have 
employed. 

FUNCTION  DESCRIPTIONS 

Almost  all  of  the  functions  defined  in  the  tool  set,  or  the 
algorithms  from  which  they  derive,  have  been  previously 
documented  in  the  literature.  In  general,  every  tool  is  a 
function  that  returns  an  object  as  its  value.  In  the  case  of  a 
simple  function  like  stopping  power,  the  object  is  an  ap¬ 
proximate  real  number.  In  other  cases,  several  different 
return  values  are  possible.  For  example,  the  backscattering 
kinematic  factor  KScatter  will  return  an  approximate  real 
number  for  a  backscattering  collision  when  explicit  collid¬ 
ing  species  and  an  angle  are  given.  However,  if  these  ar¬ 
guments  are  symbolic,  the  return  value  is  itself  symbolic. 
In  the  more  unusual  forward-scattering  case  where  the 
kinematic  factor  is  double  valued,'*  the  return  value  is  a  list 
of  approximate  real  numbers  corresponding  to  the  two  pos¬ 
sibilities.  When  KScatter  is  used  as  a  component  of  other 
calculations,  the  user  must  anticipate  the  possible  inputs 
and  be  prepared  to  deal  with  the  corresponding  outputs. 

When  an  element  or  chemical  compound  is  appropriate 
as  an  argument  it  may  be  entered  symbolically.  For  exam¬ 
ple,  the  element  silicon  can  be  represented  as  “Silicon.” 
without  the  quotation  marks,  of  course.  Specific  isotopes 
arc  represented  as,  e.g.,  Silicon[28].  All  the  naturally  oc¬ 
curring  isotopes  of  the  elements  in  the  periodic  table  are 
cataloged  along  with  their  masses  and  abundances^  and 
several  functions  are  provided  for  extracting  this  informa¬ 
tion.  For  example,  the  function  IsotopeExpand  when  ap¬ 
plied  to  a  chemical  formula  returns  that  formula  expanded 
to  include  properly  weighted  isotopes. 

Chemical  formulae  are  represented  using  the  Mathe¬ 
matica  concept  of  lists.  Thus,  “SiOj”  becomes  “{{Sili- 
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conJ},{Oxygen,2}}’’  again  without  quotations.  Multi¬ 
layer  planar  targets  are  also  represented  by  lists.  In  this 
case,  each  element  of  the  list  is  itself  a  list  describing  a 
single  layer  The  list  describing  a  layer  has  three  elements, 
the  chemical  formula,  the  molecular  density  in  mole- 
cules/cm^  and  the  thickness  in  cm.  The  formula  for  a  pure 
element  is,  e.g.  for  elemental  silicon,  “{{Silicon,!}}.”  Of 
course,  with  fully  expanded  isotopes,  the  form  for  a  pure 
element  is  identical  to  that  for  a  compound.  A  function 
MolecularDensity  is  provided  for  obtaining  the  number  of 
molecules/cm^  given  a  chemical  formula  and  a  mass  den¬ 
sity  in  g/cm^. 

In  order  to  deal  with  the  common  case  of  a  trace  ele¬ 
ment  with  sub-monolayer  coverage,  the  concept  of  a  zero- 
thickness  layer  has  been  introduced.  When  the  thickness 
of  a  layer  is  given  as  0  cm,  the  density  is  assumed  to  be 
areal  density  in  units  of  molecules/cm^.  No  a  priori  re¬ 
strictions  are  placed  on  the  complexity  of  multi-layer  tar¬ 
gets  or  the  chemical  compounds  of  which  they  are  com¬ 
posed.  Of  course,  very  complex  targets,  especially  with 
expanded  isotopes,  may  uke  a  long  time  to  process  de¬ 
pending  upon  the  operation. 

SPECTRUM  SIMULATION 

Chu,  Mayer  and  Nicolet  described  the  basic  physics  of 
backscattering-spectnim  simulation,^  with  additional  con¬ 
siderations  discussed  by  Doolittle.*  Doolittle’s  implemen¬ 
tation  of  the  algorithms  in  the  computer  program  called 
RUMP  is  one  of  the  most  widely  used  software  tools  in  the 
ion-solid  community.  Our  implementation  shares  many 
similarities  with  RUMP  but  differs  in  other  important  de¬ 
tails.  The  most  significant  of  these  is  the  way  in  which  we 
have  chosen  to  represent  spectra. 

So  far  as  we  know,  all  previous  backscattering  simula¬ 
tion  implementations,  including  RUMP,  have  viewed  the 
backscattering  spectrum  and  the  representation  of  the 
spectrum  as  a  list  of  discrete  values  at  equally  spaced  en¬ 
ergies  as  identical.  In  other  words,  the  spectrum  and  the 
multi-channel  analyzer  picture  of  the  spectrum  have  been 
viewed  as  synonymous.  In  our  implementation,  computa¬ 
tion  of  the  spectrum  and  evaluation  of  the  spectrum  are 
distinct  operations. 

The  computation  of  a  backscattering  spectrum  is  han¬ 
dled  by  the  function  SimulateRBS  (Fig.l).  SimulateRBS 
requires  as  arguments  (in  order)  a  projectile,  e.g.  He- 
iium[4],  a  multi-layer  planar  target  defined  as  described 
above,  a  beam  energy  in  eV,  and  directions  of  the  beam 
and  the  target  outward  normal  specified  as  (polar,  azi¬ 
muthal)  angles  in  degrees  expressed  in  a  consistent  spheri¬ 
cal  coordinate  system.  SimulateRBS  returns  a  complex 
object  called  a  ScatteringSpectrum,  which  is  a  determi¬ 
nistic  rule  for  obtaining  the  numerical  value  of  the  back- 
scattering  spectrum  given  a  numerical  value  of  energy.  In 
other  words,  SimulateRBS  returns  a  function.  You  can 
subsequently  evaluate  this  function  at  equally  spaced 
channels  and  obtain  the  conventional  multichannel-ana- 
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Figure  1.  270  keV  He*  backscattering  spectrum  (normal  inci¬ 
dence,  150°  scattering  angle)  of  120  nm  of  the  organic  light  emit¬ 
ting  diode  constituent  S-hydroxyquinolinc  aluminum  {AI,C7H,s 
N3O3)  on  11  nm  AI2O3  on  a  C  substrate.  Individual  elemental 
constituents  are  shown  as  dotted  lines  offset  downward  for  clarity. 

lyzer  representation  of  the  spectrum.  More  likely,  how¬ 
ever,  you  will  use  Mathematica  *s  Plot  function  to  adap¬ 
tively  select  points  to  provide  a  high  quality  graphical  rep¬ 
resentation  of  the  full  spectrum  or  any  portion  thereof  with 
minimal  computation. 

Like  RUMP,  SimulateRBS  produces  a  “brick,”  for 
every  distinct  constituent  of  every  layer  of  the  target.  At 
any  given  energy,  the  full  spectrum  is  the  sum  of  the  con¬ 
tribution  of  all  the  bricks.  However,  following  the  general 
philosophy  of  Mathematica  we  do  not  make  numerical  ap¬ 
proximations.  Whenever  a  value  for  stopping  power  or 
cross  section  is  needed,  a  call  to  the  appropriate  defining 
function  is  made.  Stopping  powers  use  the  procedures 
originally  described  of  Ziegler,  et  al.’  and  return  numerical 
values  identical  to  those  tabulated  by  Rauhala,^  while 
straggling  is  computed  using  the  method  described  by 
Yang,  et  al.^  Lenz-Jensen  cross  sections  are  used  and 
computed  by  a  variant  on  the  method  described  by 
Mendenhall  and  Weller.'®  All  integrations  are  handled  by 
Mathematica’ s  built  in  numerical  integrator. 

By  not  optimizing  the  simulation  algorithms  to  fit  the 
capability  of  current  computing,  we  are,  of  course,  paying  a 
hefty  price  in  execution  speed.  However,  the  impact  of  the 
penalty  continues  to  drop  with  time.  When  the  first  version 
of  SimulateRBS  was  written  in  1992,  it  was  limited  in 
practicality  to  simulating  at  most  two  or  three  layer  targets 
without  isotope  expansion.  Presently,  it  can  be  used  in  a 
closed-loop,  non-linear,  least-squares  fitting  procedure  for 
similar  targets  of  typical  semiconductor  complexity  will  all 
isotopes  included  explicitly,  and  can  return  best-fit  values 
in  a  reasonable  time.  This  functionality  has  derived  from 
the  generality  of  the  design,  in  spite  of  the  fact  that  it  was 
never  originally  intended  for  closed  loop  or  automated  use. 
Another  collateral  benefit  of  this  design  is  that  if  a  user 
wishes  to  refine  functions  such  as  those  for  cross  sections 
or  stopping  power  the  changes  will  be  automatically 
reflected  in  other  functions,  such  as  simulation,  which  use 
the  values. 
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SimulateRBS  represents  a  brick  in  a  manner  chosen  by 
the  routine  itself.  For  bricks  that  are  sufficiently  narrow,  a 
quadratic  polynomial  in  energy  E  is  used.  For  thicker 
bricks,  additional  basis  functions,  E'^  and  E'^  are  added  for 
a  total  of  five  parameters.  {This  is  to  be  contrasted  with 
RUMP,  which  uses  polynomials.)  The  use  of  the  inverse 
powers  makes  it  possible  to  describe  very  wide  regions  of 
the  spectrum  without  having  to  manually  divide  the  target 
into  narrow  layers.  Our  experience  with  medium  energy 
backscattering  (at  270  keV  primarily)  has  been  that  it  is 
never  necessary  to  manually  subdivide  even  the  substrate. 
The  choice  of  which  basis  to  use  to  represent  a  brick  is 
made  using  the  concept  of  singular-value  decomposition." 
If  using  the  full  basis  set  lea^  to  singular  values  in  the 
solution  for  the  coefficients,  the  polynomial  basis  is  used. 

The  most  vexing  detail  of  the  algorithm  used  by  Simu¬ 
lateRBS  was  how  to  deal  with  the  situation  that  arises  if  the 
target  is  thicker  than  the  range  of  the  projectile,  or  at  least 
thick  enough  that  some  backscattered  particles  are  not  en¬ 
ergetic  enough  to  emerge  from  the  target.  A  related  issue 
is  how  to  truncate  bricks  at  the  low  end  of  the  energy 
spectrum.  This  is  solved  by  creating  two  callable  functions 
in  real  time.  The  first  gives  the  energy  of  the  incident 
particle  as  a  function  of  depth  in  the  target.  The  second 
gives  the  energy  that  a  backscattered  particle  must  have  in 
order  to  emerge  from  a  specified  depth  with  a  given  en¬ 
ergy,  the  minimum  energy  in  the  spectrum,  taken  by  de¬ 
fault  to  be  10  keV.  These  functions  make  it  possible  to 
analyze  each  brick  individually  and  to  truncate  it  as  neces¬ 
sary  so  that  the  minimum  energy  is  the  preset  value.  As  a 
result,  no  special  consideration  must  be  given  to  the  thick¬ 
ness  of  the  substrate,  although  it  is  desirable  from  the 
standpoint  of  efficiency  not  to  make  it  unnecessarily  thick. 

Evaluation  of  a  backscattering  spectrum  at  a  specific 
energy  is  carried  out  by  rules  associated  with  the  term 
ScatteringSpectrum.  These  rules  assemble  the  functions 
describing  the  individual  bricks,  evaluate,  and  sum  them. 
At  this  stage,  the  effects  of  straggling  and  instrumental 
resolution  arc  also  included.  Straggling  is  intrinsic  and  is 
computed  by  SimulateRBS  and  included  in  the  Scattering- 
Spectrum  object.  Instrumental  resolution,  which  is  usually 
a  function  of  energy  for  medium  energy  backscattering 
spectra,  is  incorporated  when  a  spectrum  is  evaluated. 
Thus,  one  can  explore  the  effects  of  various  detection 
strategies  (time-of-flight,  surface-barrier  detectors,  etc.) 
without  the  time-consuming  process  of  recomputing  the 
intrinsic  spectrum  itself. 

Straggling  is  handled  by  convolution  assuming  that  the 
kernel  is  a  Gaussian  with  an  energy-dependent  width.  It  is 
assumed  that  the  variance  increases  linearly  from  the  high- 
energy  to  low-energy  side  of  the  brick.  This  energy  de¬ 
pendence  of  the  convolution  kernel  was  the  most  signifi¬ 
cant  mathematical  problem  encountered  in  this  work. 
After  examining  very  many  approaches  to  this  problem, 
using  built-in  Mathematica  functions,  various  analytic  ex¬ 
pansions,  and  numerical  approximations,  we  concluded 
that  simple  Gaussian  quadrature  used  in  conjunction  with  a 


range-reduction  strategy  offered  the  best  compromise 
between  generality  and  efficiency.  By  dynamically  ad¬ 
justing  the  integration  range  for  each  brick  as  each  point  is 
evaluated,  it  has  been  possible  to  use  a  fixed-order  Gaus¬ 
sian  quadrature  (order  42)  to  achieve  numerical  accuracy 
exceeding  the  physical  accuracy  of  the  model  in  a  more-or- 
less  definitive  way.  Surprisingly,  this  simple  procedure  is 
faster  than  an  earlier  implementation  that  used  a  simple  but 
robust  recursive,  adaptive  quadrature. 

The  representation  of  a  spectrum  by  a  function  instead 
of  by  an  array  of  numbers  makes  it  possible  to  implement 
functional  operators.  A  functional  operator  is  a  mathe¬ 
matical  operator  that  operates  on  functions  to  produce 
other  functions.  We  have,  thus  far,  implemented  four  such 
operators,  for  addition  of  spectra,  multiplication  of  spectra 
by  a  numerical  constant,  extraction  from  spectra  of  indi¬ 
vidual  contributions  by  location  in  the  target,  by  element 
(Fig.  1),  or  by  isotope,  and  a  functional  operator  which 
mimics  the  effects  of  channeling  in  the  substrate  of  a 
target.  The  first  two  of  these  operations  occur  in  response 
to  the  use  of  the  ordinary  numerical  operators  for  addition 
and  multiplication  when  the  operations  involve 
ScatteringSpectrum  objects.  Functional  operators  called 
ExtraclLayer  and  ExtractElement  operate  on 
ScatteringSpectrum  objects  to  produce  new 
ScatteringSpectrum  objects  that  meet  the  specified  criteria. 
Channeling  is  approximated  by  a  functional  operator  called 
ChannelSubstrate  (Fig.  2). 

The  ordinary  arithmetic  operators  can  be  used  to  im¬ 
plement  effects  that  are  not  easily  simulated  in  an  envi¬ 
ronment  that  is  inherently  structured  on  the  concept  of  uni¬ 
form  layers.  For  example,  in  ref.  (12)  these  operators  are 
used  to  simulate  the  effect  of  a  non-uniform  carbon  layer 
by  constructing  a  Gaussian  convolution  involving  fifty 
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Figure  2.  A  non-linear  least  squares  fit  (solid  line)  to  270  keV 
He'*’  backscattering  data  (dots)  for  an  SiOj  thin  film  on  Si  using 
the  function  ChannelSubstrate  to  approximate  the  effects  of 
channeling  in  the  <110>  direction.  The  film  was  found  to  be 
9.7  nm  thick  and  to  have  a  surface  peak  about  50%  larger  than  the 
theoretical  expectation.  The  channeling  was  9%.  The  overall 
for  the  fit  was  about  1.3  per  degree  of  freedom.  The  curve  at 
the  bottom  of  the  figure  shows  the  x^  per  channel  and  indicates 
that  the  model  fits  least  well  in  the  vicinity  of  the  Si  surface  peak. 
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properly  weighted  individual  simulated  spectra  in  which 
the  carbon  layer  takes  on  various  thicknesses. 

Simulating  channeled  spectra  using  correct  physics  is 
very  complex  because  it  involves  both  a  detailed  knowl¬ 
edge  of  the  target  crystallinity  and  the  use  of  more  ad¬ 
vanced  potentials.  Nevertheless,  it  is  commonplace  in  the 
analysis  of  backscattering  data  to  encounter  spectra  in 
which  channeling  has  occurred.  Frequently,  the  channeling 
is  intentional  in  order  to  reduce  the  substrate  background 
beneath  spectral  features  of  interest.  The  backscattering 
yield  from  a  crystalline  target  is  often  described  with  re¬ 
spect  to  the  yield  of  a  random  target  of  the  same  substance 
through  a  quantity  called  %  which  is  the  ratio  of  counts  in 
the  channeled  spectrum  to  the  number  in  the  random  spec¬ 
trum  at  the  same  energy.  For  well-channeled  ions  the 
minimum  %  called  Xmin  is  often  no  larger  than  5%. 

The  functional  operator  ChannelSubstrate  approximates 
the  effects  of  channeling  using  three  user-supplied  %  values 
corresponding  to  the  counts  ratio  at  the  left,  center  and 
right  edges  of  the  bricks  representing  the  substrate  con¬ 
stituents.  The  resulting  ScatteringSpectrum  is  an  ap¬ 
proximation  to  the  actually  observed  spectrum  that  agrees 
at  three  points.  Because  the  substrate  contribution  is  ordi¬ 
narily  quite  smoothly  varying,  the  overall  approximation  is 
quite  good.  The  %  parameters  can,  of  course,  be  taken  to 
be  variables  in  a  fitting  operation  using  SpectrumFit  and  in 
this  way  replace  ad  hoc  background  subtraction  for  fits 
such  as  Si02  on  Si.  In  a  case  such  as  this,  the  physical  sub¬ 
strate  is  best  described  as  two  layers  one,  typically  of  zero 
thickness  and  areal  density  chosen  by  theoretical  consid¬ 
erations,*^  and  the  true  bulk  described  in  the  usual  way.  By 
doing  this,  the  simulation  accurately  captures  the  surface 
peak  that  is  observed  experimentally  (Fig.  2). 

The  function  SpectrumFit  is  included  in  the  tool  kit 
primarily  for  experimental  prototyping.  It  uses  Mar- 
quardf  s  method*^  with  numerical  differentiation  to  perform 
non-linear,  least-squares  fits.  Any  parameter  that  is  adjust¬ 
able  in  the  simulation  or  evaluation  of  a  spectrum  can,  in 
principle,  be  fit  using  this  routine.  Thus,  one  may  find 
best-fit  values  to  layer  widths,  densities,  or  compositions, 
or  to  detector  resolution,  channeling  %  values,  etc.  Note, 
however,  that  as  of  this  writing,  such  fits  can  be  slow,  and 
may  not  practical  for  repetitive  use  when  dedicated  tools 
such  as  RUMP  offer  the  same  functionality. 

CONCLUSION 

A  set  of  general-purpose  computational  tools  for  the 
simulation  and  analysis  of  medium  energy  backscattering 
spectra  has  been  implemented  in  Mathematical  Imple¬ 
mentations  of  published  algorithms  are  included  for  stop¬ 
ping  power,’*  straggling,’  cross  sections,*®  multiple  scat¬ 
tering,**  and  sputtering  yield,*^  as  well  as  a  comprehensive 
database  of  properties  of  elements.***’  The  complete  tool  set 
is  available  on-line**  and  is  accompanied  by  a  descriptive 
document*’  which  gives  examples  of  the  use  of  each  tool. 
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Abstract 

The  determinants  of  resolution  of  a  time-of-fiight  spectrometer  for  medium  energy  ion  beam  analysis  have  been 
identified  and  analyzed.  The  primary  determinants  are  uncertainty  of  ion  path  length,  kinematic  dispersion  from  the 
finite  detector  solid  angle,  straggling  in  the  start  foil  and  variability  of  the  start  foil  thickness.  The  first  three  of  these 
have  been  considered  in  previous  studies  of  time-of-flight  spectrometer  resolution,  but  foil  non-uniformity  has  not  been 
examined  in  detail.  Using  backscattering  analysis  and  atomic  force  microscopy,  we  have  measured  the  thickness  and 
roughness  of  carbon  start  foils  and  found  them  to  be  larger  than  suggested  by  their  nominal  specifications.  As  a  result, 
energy  uncertainty  introduced  by  foil  non-uniformity  has  been  found  to  be  a  critical  factor  in  determining  resolution. 
Using  measured  values  of  foil  parameters  and  known  geometric  characteristics  of  our  spectrometer,  Monte  Carlo 
simulations  of  backscattering  spectra  of  Si02  thin  films  on  Si  substrates  have  been  computed  and  found  to  reproduce 
well  the  experimentally  observed  system  resolution  of  1350  eV  for  104  keV  He.  Additional  simulations  show  that 
spectrometer  design  changes  could  reduce  this  value  to  about  1  keV  at  which  point  it  is,  for  all  practical  purposes, 
optimum.  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  07.81.+a;  68.55.-a;  68.35.Bs;  61.i8.Bn 

Keywords:  Time-of-flight  spectrometer;  Resolution;  Thin  films;  Carbon  foils;  Roughness;  Backscattering  spectrometry 


1.  Introduction 

Backscattering  spectrometry  is  a  mature  tech¬ 
nique  widely  used  for  the  quantitative  analysis  of 
thin  films  and  interfaces.  In  conventional  back- 
scattering  analysis  a  silicon  surface  barrier  detector 
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is  used  for  energy  spectrometry.  Although  surface 
barrier  detectors  are  extremely  well  suited  to  this 
application,  their  resolution  typically  exceeds  10 
keV  so  that  beam  energies  in  the  MeV  range  are 
required  to  achieve  adequate  differentiation  of 
important  spectral  features.  Surface  barrier  detec¬ 
tors  also  degrade  quickly  when  used  to  detect 
heavy  ions.  As  a  result,  surface  barrier  detectors 
are  not  well  suited  to  experiments  involving  heavy 
ions  or  reduced  ion-beam  energies,  which 
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fundamental  considerations  of  the  collision  cross 
section  suggest  would  lead  to  superior  surface 
analytical  results. 

A  number  of  considerations,  including  similar 
stopping  power,  larger  scattering  cross  section, 
and  less  radiation  damage,  point  to  the  100-300 
keV  energy  range  as  especially  useful  for  ion  beam 
analysis,  particularly  of  ultra-thin  films.  However, 
alternatives  to  surface  barrier  detectors  must  be 
implemented  for  particle  spectrometry.  Most 
commonly,  electrostatic  and  time-of-flight  spec¬ 
trometers  have  been  used.  Medium  energy  ion 
scattering  using  a  toroidal  electrostatic  spectrom¬ 
eter  has  been  shown  to  provide  exceptional  reso¬ 
lution,  AEIE^10~^,  corresponding  to  a  depth 
resolution  <1  nm  [1,2].  As  a  result,  this  technique 
has  been  singularly  effective  for  analyzing  ultra 
thin  films  (~1-10  nm)  [3-5].  However,  an  electro¬ 
static  analyzer  is  sensitive  to  the  charge  state  of  the 
backscattered  particle  and  only  limited  energy 
ranges  can  be  measured  at  one  time. 

Time-of-flight  spectrometry  is  an  attractive  al¬ 
ternative  to  electrostatic  spectrometry  for  a  num¬ 
ber  of  reasons.  Originally  developed  for  use  in 
nuclear  physics  to  measure  heavy  ion  reactions,  its 
first  application  in  materials  analysis  was  for 
heavy-ion  backscattering  [6-9].  Time-of-flight 
spectrometers  are  insensitive  to  the  charge  state  of 
the  backscattered  particle  and  can  measure  all 
energies  simultaneously,  characteristics  which 
closely  parallel  those  of  surface  barrier  detectors. 
Moreover,  time-of-flight  spectrometers  can  be 
optimized  for  specific  applications  such  as  heavy 


ion  backscattering,  where  they  deliver  high  sensi¬ 
tivity,  mass  and  depth  resolution  [10]. 

The  first  application  of  time-of-flight  spec¬ 
trometry  to  surface  analysis  by  medium  energy 
backscattering  is  now  almost  a  decade  old  [11,12]. 
The  original  spectrometer  designs  proposed  by 
Mendenhall  and  Weller  stressed  simplicity  and 
were  intended  to  yield  medium  energy  backscat¬ 
tering  spectra  with  information  content  similar  to 
that  which  is  obtainable  with  a  surface  barrier 
detector  at  conventional  energies.  However,  it  has 
become  apparent  that  with  a  properly  designed 
system  the  ultimate  resolution  of  the  technique  can 
be  very  high,  and  that  the  information  obtained, 
especially  about  films  <10  nm  in  thickness,  cannot 
be  duplicated  by  conventional  MeV  backscatter¬ 
ing.  It  is  thus  natural  to  ask  what  factors  control 
the  resolution  of  a  time-of-flight  spectrometer  and 
in  what  relative  measure,  so  that  a  system  can  be 
optimized  for  the  best  possible  performance  in  the 
depth  profiling  of  ultra-thin  films. 


2.  Background 

The  time-of-flight  spectrometer  system  is  shown 
in  Fig.  I.  A  signal  is  produced  by  the  impact  on 
the  start  detector  of  secondary  electrons  created  by 
the  passage  of  a  backscattered  particle  through  the 
carbon  start  foil.  A  second  signal  is  produced  by 
the  particle’s  subsequent  impact  on  the  stop  de¬ 
tector.  The  time  difference  between  the  two  signals 
is  measured  to  produce  a  time  spectrum  that  is 


Fig.  l.  Schematic  of  the  time-of-flight  spectrometer  system.  The  drift  length  is  112  cm,  and  the  angles  of  the  start  foil  and  stop 
microchannel  plate  (MCP)  to  the  spectrometer  axis  are  30“  and  11.3“,  respectively. 
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then  mathematically  converted  to  an  energy  spec¬ 
trum  for  analysis. 

The  primary  determinants  of  the  resolution  for 
a  time-of-flight  spectrometer  are  straggling  in  the 
start  foil,  start  foil  thickness  variability,  ion  path 
length  uncertainty,  and  kinematic  dispersion  from 
the  finite  spectrometer  acceptance  angle.  Charge 
exchange  in  the  start  foil  (which  is  biased  at  about 
-200  V  with  respect  to  ground),  the  intrinsic  sec¬ 
ondary  electron  energy  spectrum,  the  instrumental 
tuning  uncertainty,  beam  energy  stability,  strag¬ 
gling  in  the  target,  multiple  scattering  in  the  start 
foil,  target  bias,  and  other  processes  affect  the 
measured  resolution  to  a  lesser  extent.  By  opti¬ 
mizing  the  spectrometer  design,  the  effects  of  these 
processes  can  be  substantially  reduced,  and  the 
spectrometer’s  resolution  can  approach  funda¬ 
mental  physical  limits. 

Because  the  backscattered  ion  beam  approxi¬ 
mates  a  point  source  originating  from  the  target, 
there  is  a  distribution  of  scattering  angles  for 
particles  entering  the  spectrometer.  This  angular 
spread  leads  to  a  distribution  of  flight  paths  be¬ 
tween  the  start  foil  and  stop  detector  and  a  dis¬ 
tribution  of  velocities  associated  with  the 
kinematic  factor.  By  adjusting  the  angle  between 
the  start  foil  and  the  stop  detector,  the  effects  of 
path  length  differences  and  kinematic  dispersion 
can  be  reduced  [13].  In  the  current  spectrometer 
configuration  (Fig.  1),  the  scattering  angle  is  150®, 
the  start  foil  is  oriented  30®  to  the  spectrometer 
axis,  and  the  stop  detector  angle  is  1 1.3®.  The  stop 
detector  angle  was  calculated  to  minimize  the  path 
length  difference  and  kinematic  dispersion  for  he¬ 
lium  scattering  from  silicon  at  150®  with  a  start  foil 
angle  of  30®.  Slight  flight  time  differences  (:$  1  ns) 
still  exist  for  other  target  species  because  of  kine¬ 
matic  dispersion.  Because  the  effects  of  path  length 
difference  and  kinematic  dispersion  are  so  closely 
correlated,  henceforth  in  this  paper  they  will  be 
combined  as  a  single  effect,  path  length  differences. 

Because  of  the  random  nature  of  the  deposition 
of  the  carbon  foils,  large  errors  (~25®/o)  in  the 
thickness  are  common  [14,15].  Also,  even  though 
pure  graphite  is  used  to  manufacture  the  foils, 
oxygen,  hydrogen,  and  other  impurities  are  easily 
adsorbed  from  the  deposition  process  and  the  re¬ 
lease  agent  [16-18].  Furthermore,  because  the  re¬ 


lease  agent  is  itself  an  evaporated  thin  film  its 
surface  morphology  will  strongly  influence  that  of 
the  carbon  foil.  As  a  result  of  these  inherent 
characteristics,  the  foils  are  expected  to  be  thicker 
and  less  uniform  than  their  nominal  values.  If  the 
foil  were  uniform  and  only  thicker  than  nominal, 
the  expected  energy  loss  and  straggling  in  the  foil 
would  increase.  The  resolution  would  be  adversely 
affected  due  to  the  increase  in  straggling,  but  the 
extra  width  would  simply  add  in  quadrature  to  the 
nominal  resolution.  If  the  foil  is  non-uniform, 
however,  the  variation  in  thickness  leads  to  a  tra¬ 
jectory-dependent  variation  in  the  energy  loss, 
straggling,  and  multiple  scattering  that  broadens 
spectral  features  in  a  manner  dependent  on  the 
thickness  distribution.  If  the  magnitude  of  the 
non-uniformity  and  its  effect  on  resolution  are 
small,  these  questions  could  probably  be  ignored 
and  small  corrections  to  calculations  with  the 
nominal  thickness  could  be  used.  We  have  dis¬ 
covered,  however,  that  not  only  can  foil  non-uni¬ 
formity  not  be  ignored,  but  that  it  is  a  very  large 
determinant  of  resolution. 

In  early  work,  we  used  a  carbon  start  foil  with  a 
quoted  areal  density  of  1.7  ±5%  pg/cm^.  The 
measured  resolution  using  this  foil  was  2.7  keV  for 
104  keV  helium  ions.  Monte  Carlo  simulations, 
however,  predicted  a  resolution  of  1.1  keV,  and  so 
a  large  constituent  of  the  resolution  was  unex¬ 
plained.  Published  analyses  of  spectrometer  reso¬ 
lution  associated  all  unexplained  extra  width  with 
path  length  uncertainty  [8,19].  However,  back- 
scattering  analysis  of  the  foil  showed  that  the 
thickness  was  2.6  pg/cm-  and  highly  non-uniform. 
Atomic  force  microscopy  (see  Fig.  2(a))  confirmed 
this  result  by  showing  that  the  foils,  measured  to 
be  13  nm  thick,  had  a  root-mean-square  (rms) 
roughness  of  10  nm  [20].  These  observations  sug¬ 
gested  strongly  that  the  carbon  foil  morphology 
was  influencing  spectrometer  resolution  more 
strongly  than  had  previously  been  appreciated. 

This  paper  presents  the  results  of  a  program  to 
identify  and  quantify  all  the  significant  elements  of 
resolution  for  the  tilted-start-foil  spectrometer  de¬ 
sign  first  proposed  in  Ref.  [11]  (Fig.  1).  The  spec¬ 
trometer  resolution  was  determined  by 
backscattering  analysis  of  high-quality  SiOi  thin 
films  on  Si.  We  introduce  a  method  to  parameterize 
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Fig.  2.  (a)  Atomic  force  microscope  image  of  a  C  foil  measured 
to  be  2.6  pg/cm-  (13  nm)  thick  exhibiting  an  rms  roughness  of 
10  nm.  (b)  Atomic  force  microscope  image  of  a  diamond-like 
carbon  foil  measured  to  be  1.2  pg/cra-  (6  nm)  thick  with  an  rms 
roughness  of  6  nm. 

the  foil  non-uniformity  that  is  distinct  from  simple 
rms  surface  roughness  and  measure  the  relevant 
parameters  experimentally.  These  parameters  are 
then  combined  with  known  geometrical  factors  to 
produce  Monte  Carlo  simulations  of  the  SiO: 
backscattering  spectra  that  are  in  excellent  agree¬ 
ment  with  experimental  observations.  By  extending 
these  simulations  to  other  geometries,  we  suggest 
the  optimum  spectrometer  configuration  and  pre¬ 
dict  its  resolution  for  both  real  and  ideal  start  foils. 

3.  Procedure 


multiple  scattering  in  the  start  foil,  diamond-like 
carbon  foils  with  a  nominal  diameter  of  1.27  cm 
and  thickness  of  0.6  pg/cm”  were  produced  and 
mounted  on  gridded  apertures  [21,22].  These  are 
approximately  as  thin  as  it  is  possible  to  make  a 
self-supporting  foil  even  over  a  gridded  opening. 
The  foils  are  deposited  by  sputtering  pure  graphite 
in  a  low-density  krypton  plasma  and  are  consid¬ 
ered  hydrogen  free  [23].  Atomic  force  microscopy 
was  used  to  evaluate  surface  morphology  of  the 
foil  and  measure  the  rms  roughness. 

To  measure  the  energy  resolution  of  the  spec¬ 
trometer,  ion  backscattering  spectra  were  taken  of 
a  set  of  high-quality  SiO^/Si  samples  with  oxide 
thicknesses  from  2  to  12  nm.  The  samples  were 
analyzed  using  a  270  keV  He  beam  with  a  scat¬ 
tering  angle  of  150*.  The  beam  currents  were  30- 
100  nA  with  a  total  dose  of  10‘^  He  ions,  and  the 
beam  spot  size  was  5  mm^.  The  samples  were  tilted 
45®  to  the  incident  ion  beam  (75®  to  the  spec¬ 
trometer)  with  an  exit  angle  of  15°  to  the  sample 
plane.  This  angle  was  used  to  orient  the  sUicon 
substrate  in  the  (1 1 0)  channeling  direction  to  re¬ 
duce  the  silicon  background  in  the  region  of  the 
spectrum  containing  the  oxygen  peak.  This  orien¬ 
tation  also  has  a  depth  resolution  w3  times  greater 
than  normal  incidence.  To  determine  if  there  is  an 
energy  that  optimizes  the  depth  resolution  for 
backscattering  from  oxygen  at  45®,  additional 
spectra  were  taken  at  beam  energies  from  150  to 
270  keV  in  15  keV  increments. 

The  oxygen  peaks  were  fit  with  the  following 
semi-empirical  function 


In  order  to  minimize  the  contribution  of 
straggling  to  resolution  and  to  reduce  the  effects  of 


which  is  derived  from  the  convolution  of  a  nega¬ 
tively  sloped  line  segment  extending  from  £2  to  £| , 
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representing  the  oxygen  peak,  and  a  Gaussian 
weight  function  of  constant  width,  which  repre¬ 
sents  straggling  and  the  system  resolution.  Since 
the  system  resolution  and  straggling  are  actually 
functions  of  energy  and  not  constant,  a  correction 
is  made  to  the  convolution  by  having  different 
widths  for  the  front  and  back  edges.  This  function 
is  superimposed  on  a  linear  background  from  the 
silicon  in  the  spectrum.  E\  and  Ei  are  the  energies 
of  the  front  (surface)  and  back  (buried  interface) 
edges  of  the  peak,  respectively,  and  a\  and  ai  are 
the  front  and  back  edge  widths  expressed  as 
standard  deviations.  H  is  the  height  of  the  center 
of  the  peak,  m  the  slope  parameter  of  the  top  of 
the  peak  determined  by  the  scattering  cross  sec¬ 
tion,  and  Co  and  ci  are  the  intercept  and  slope  of 
the  linear  background.  The  adjustable  parameters 
of  the  equation  are  Ei,  Ei,  ffi,  ffj,  H,  co,  and  ci. 
The  slope  parameter,  m,  was  determined  from 
spectrum  simulations  and  held  constant  during  the 
fit.  Resolution  as  used  in  this  paper  is  defined  as 
the  full  width  at  half  maximum  of  an  isolated 
Gaussian  peak,  or  equivalently,  the  width  of  the 
edge  of  an  error  function  from  12%  to  88%  of  the 
edge  height.  This  value  is  2.35  times  the  corre¬ 
sponding  standard  deviation.  The  resolution  of  the 
spectrometer  was  assumed  to  be  equal  to  the  front 
edge  width  of  the  oxygen  peak. 

Backscattering  analysis  was  also  used  to  deter¬ 
mine  the  diamond-like  carbon  foil  thickness  and 
non-uniformity.  Spectra  were  taken  of  a  bare 
tantalum  sample  and  of  a  diamond-like  carbon  foil 
nominally  0.8  jig/cm^  thick  mounted  on  a  nickel 
mesh  placed  in  front  of  the  tantalum  sample.  The 
displacement  of  the  tantalum  edge  and  the  increase 
of  its  width  are  measures  of  the  carbon  foil 
thickness  and  uniformity,  respectively. 

Monte  Carlo  simulations  of  the  backscattering 
spectra  were  computed  in  order  to  assist  in  the 
interpretation  of  experimental  data.  Processes  in¬ 
cluded  in  the  calculations  were  (1)  finite  beam  size, 
(2)  angles  of  the  target,  foil,  and  stop  detector  with 
respect  to  beam,  (3)  ion  scattering  angle,  scatter 
depth,  and  solid  angle  weighted  by  the  scattering 
cross  section,  (4)  start  foil  uniformity,  (5)  energy 
loss  and  straggling  in  target  and  start  foil,  and  (6) 
multiple  scattering  in  the  start  foil.  Random  scat¬ 
tering  depth  and  scattering  angle  were  determined 


from  distributions  derived  from  the  Lenz-Jensen 
cross  section.  Multiple  scattering  was  determined 
from  distributions  computed  using  the  methods  in 
Ref.  [24].  For  each  simulated  spectrum,  10^  tra¬ 
jectories  were  computed.  Charge  exchange  in  the 
foil,  intrinsic  instrumental  timing  resolution,  and 
secondary  electron  timing  uncertainties  were  not 
included  in  the  calculations  since  they  are  small, 
independent  effects. 

4.  Results  and  discussion 

Fig.  2(b)  shows  an  atomic  force  microscope 
image  of  the  surface  of  a  0.6  pg/cm’  diamond-like 
carbon  foil.  Clearly,  with  a  rms  roughness  of  6  nm 
the  diamond-like  carbon  is  smoother  than  the 
conventional  foil  shown  in  Fig.  2(a)  whose  rms 
roughness  is  10  nm.  However,  it  still  is  substan¬ 
tially  rough  when  viewed  in  comparison  with  its 
nominal  thickness,  which  is  of  order  3  nm. 

Fig.  3(a)  shows  a  typical  backscattering  spec¬ 
trum  of  an  SiOi  film  with  nominal  thickness  of  10 
nm  on  a  Si  substrate.  The  original  time-of-flight 
spectrum  has  been  mathematically  rendered  as  an 
energy  spectrum.  The  beam  is  incident  along  the 
(110)  channeling  direction  in  order  to  minimize 
background  in  the  region  of  the  oxygen  peak  and 
to  enhance  depth  resolution.  Fig.  3(b)  shows  an 
expanded  view  of  the  oxygen  peak  along  with  a 
non-linear  least  squares  fit  to  the  data  using  the 
function  given  in  Eq.  (1).  The  system  resolution  is 
taken  to  be  the  width  of  the  leading  edge  at  ap¬ 
proximately  104  keV.The  resolution,  obtained  as 
an  average  over  an  ensemble  of  backscattering 
spectra  like  those  of  Fig.  3,  is  1350140  eV  for  104 
keV  helium  particles.  This  corresponds  to  a  depth 
resolution  of  1.3  nm  for  oxygen  in  Si02  at  a  beam 
incident  at  45°  with  respect  to  the  surface  normal 
and  0.5  nm  at  a  55°  incident  angle,  or  an  im¬ 
provement  of  approximately  a  factor  of  2  when 
compared  with  the  results  obtained  with  the  foil  in 
Fig.  2(a). 

The  energy  dependence  of  the  spectrometer 
resolution  is  shown  in  Fig.  4(a).  It  is  well  charac¬ 
terized  by  a  linear  relationship  (728144  eV)  + 
((6.41 0.4)  xl0~^)  E,  where  E  is  the  energy  of  the 
particle  entering  the  spectrometer  in  eV.  The 
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Fig.  3.  (a)  Backscattering  spectrum  of  10  nm  Si02/Si  at  45® 
using  a  270  keV  He'*'  beam,  (b)  Close-up  of  the  O  peak  in  the 
spectrum  of  (a).  The  bold  line  is  a  fit  to  the  peak  using  Eq.  (1). 


backscattering  depth  resolution  for  oxygen  corre¬ 
sponding  to  this  energy  resolution  is  shown  in  Fig. 
4(b).  The  abscissa  is  the  incident  beam  energy. 
Theoretically,  there  should  be  a  minimum  in  the 
curve  in  Fig.  4(b)  at  an  incident  energy  of  260  keV 
for  helium  scattering  from  oxygen  at  45®,  assuming 
the  above  linear  relationship.  However,  our  range 
of  initial  energies  was  not  adequate  to  reveal  this 
minimum,  although  a  general  decrease  up  to  our 
maximum  of  270  keV  is  apparent. 

Fig.  5  shows  the  tantalum  edge  from  back- 
scattering  spectra  of  the  tantalum  specimen  with 
and  without  the  0.8  pg/cm^  carbon  foil  placed  in 
front  of  it.  Notice  that  the  carbon  foil  both  shifts 
and  widens  the  edge.  The  shift  is  due  to  energy  loss 
as  He  ions  pass  through  the  carbon  foil  before  and 
after  scattering.  The  widening  is  due  to  a  combi¬ 
nation  of  straggling  in  the  foil  and  non-uniformity 
in  the  foil  thickness  (or  density).  We  have  observed 
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Fig.  4.  (a)  Measured  energy  resolution  versus  particle  kinetic 
energy  for  He^  backscattering  from  SiO,  at  beam  energies  from 
150  to  270  keV.  The  slope  of  the  line  is  728  eV+0.006*£,  where 
E  is  the  energy  of  the  particle  entering  the  spectrometer  in  eV. 
(b)  The  equivalent  depth  resolution  for  O  in  SiO,  at  45°  versus 
incident  particle  energy. 


empirically  that  the  widening  of  the  tantalum  edge 
in  this  figure  is  well  described  by  the  convolution 
of  the  bare  tantalum  edge  with  a  Gaussian  weight 
function.  The  required  width  of  the  Gaussian 
function  may,  therefore,  be  used  to  parameterize 
the  non-uniformity.  The  procedure  used  is  as  fol¬ 
lows. 

It  is  assumed  that  the  spectrum  with  carbon  in 
place  can  be  obtained  from  the  bare  tantalum 
spectrum  by  three  operations,  a  simple  translation 
in  energy,  a  scaling  of  the  overall  normalization, 
and  a  convolution  characterized  by  a  width.  Eq. 
(2)  shows  conceptually  how  a  model  function 
containing  three  parameters,  the  energy  shift  of  the 
tantalum  edge  (5E),  the  normalization  {A),  and  the 


K.  McDonald  et  al.  /  NucL  Instr.  and  Meth.  in  Phys.  Res.  B  152  (1999)  171-181 


177 


Energy  (keV) 

Fig-  5.  Ta  edge  in  the  backscattering  spectra  of  bare  Ta  and  Ta 
with  a  1,6  pg/cm-  diamond*like  carbon  foil  placed  in  front.  The 
bold  line  is  the  fit  to  the  Ta  edge  with  the  foil  in  front  using  the 
bare  Ta  edge  as  a  basis. 


width  of  the  Gaussian  function  (<t),  was  con¬ 
structed. 


5Ta+c(^)  r  E  +  SE  -  s)  de,  (2) 

J  — oo 


where  STa+c{-i^  is  the  tantalum  spectrum  with  the 
carbon  in  place,  Sy^{E)  is  the  bare  tantalum  spec¬ 
trum,  and 


W{<j-,E)  = 


_ 


Exp 


2a^ 


(3) 


is  the  Gaussian  weight  function  with  <s  as  its  rms. 
In  practice,  the  convolution  (Eq.  (2))  is  performed 
by  using  fast  Fourier  transforms  of  the  bare  tan¬ 
talum  spectrum  and  Gaussian  function  followed 
by  shifting  and  scaling. 

This  model  function  was  used  in  a  fully  non¬ 
linear  fitting  procedure  [25]  in  order  to  obtain  the 
best  values  of  the  three  parameters  and  a  covari¬ 
ance  matrix.  The  advantage  of  this  method  is  that 
the  contribution  to  the  edge  width  attributable  to 
the  tantalum  surface  roughness  and  instrumental 
resolution  are  separated  from  the  edge  width 
which  is  added  by  the  foil  without  the  need  for 
extra  parameters.  In  addition,  error  estimates  for 
all  the  parameters  are  inunediately  available  from 
the  covariance  matrix. 

The  nominal  thickness  of  the  foil  was  deter¬ 
mined  from  the  energy  shift  of  the  tantalum  edge 


using  stopping  power  calculations.  Although  the 
exact  amount  of  hydrogen,  oxygen,  and  other 
contaminants  adsorbed  on  the  carbon  is  unknown, 
it  should  only  be  a  few  atomic  percent  [16-18]. 
Therefore,  the  foil  was  assumed  to  be  pure  carbon 
for  energy  loss  and  straggling  calculations,  and 
with  this  assumption,  an  areal  density  of  1.6  ^g/ 
cm^  was  obtained. 

In  order  to  associate  the  effective  foil  thickness 
distribution  with  the  observed  increase  in  tantalum 
edge  width,  it  was  necessary  to  compute  simulated 
backscattering  spectra  for  targets  with  a  non-uni¬ 
form  layer.  This  was  accomplished  by  computing 
the  convolution  of  a  simulated  tantalum  spectrum 
covered  with  various  thicknesses  of  carbon  layers 
using  Gaussian  quadrature  to  manually  evaluate 
the  convolution  integral  [26].  Two  foil  thickness 
distributions  were  considered,  a  Gaussian  (see  Eq. 

(3) )  terminated  at  ±3  a  because  the  foil  had  finite 
thickness,  and  a  finite  step  function  given  by  Eq. 

(4) , 

(4) 

W{<T-,x)  —  0,  |x|  >  '/iff, 

where  a  is  the  rms  of  the  step  distribution.  Fifty 
terms  were  used  in  the  quadrature  sum,  and  the 
result  was  a  simulated  spectrum  with  the  thickness 
and  fractional  rms  roughness  of  the  carbon  foil  as 
parameters.  Spectra  were  simulated  for  a  1.6  |ig/ 
cm-  carbon  foil,  with  fractional  roughness  values 
from  0  to  0.3  for  the  Gaussian  and  0  to  0.55  for  the 
step  function. 

Using  the  same  procedure  as  was  used  to  reduce 
the  experimental  data,  the  tantalum  edges  in  these 
simulated  spectra  were  fit  to  obtain  the  additional 
edge  width  and  edge  displacement  produced  by 
carbon  coverage.  The  results  of  these  calculations 
are  shown  in  Fig.  6  as  points,  with  the  interpo¬ 
lating  functions  shown  as  smooth  curves.  Note 
that  the  difference  between  the  extra  edge  widths 
generated  by  the  two  distributions  is  small.  This 
implies  that  the  critical  parameter  affecting  the 
resolution  is  the  rms  roughness,  not  the  detailed 
shape  of  the  distribution. 

Using  Fig.  6,  the  additional  edge  width  from 
the  experimental  data  was  then  converted  to  an 
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Fig.  6.  Incremental  edge  width  versus  foil  roughness  as  deter¬ 
mined  by  the  fitting  of  simulated  spectra  of  C  covered  Ta  using 
a  simulated  spectrum  of  bare  Ta  in  conjunction  with  the 
Gaussian  and  finite  step  convolution  models  discussed  in  the 
text.  The  points  are  the  extra  edge  widths  determined  by  the  fits 
and  the  solid  lines  are  the  interpolation  functions. 


equivalent  foil  roughness.  The  extra  edge  width 
added  to  the  tantalum  by  the  1 .6  jig/cm^  foil  used 
in  the  experiment  (Fig.  5)  was  1530  eV,  which 
corresponds  to  a  fractional  non-uniformity  of  foil 
thickness  of  0.24  for  the  Gaussian  distribution  and 
0.26  for  the  finite  step  distribution.  We  assume  the 
fractional  non-uniformity  is  approximately  con¬ 
stant  in  this  thickness  range  and  so  also  attribute 
the  same  fractional  non-uniformity  to  foils  used  in 
the  spectrometer.  It  is  important  to  note,  however, 
that  the  roughness  being  measured  here  is  not  the 
same  as  that  measured  by  atomic  force  microsco¬ 
py.  Correlations  in  roughness  on  the  two  sides  of 
the  foil  as  well  as  possible  micro-voids,  density 
fluctuations,  and  the  total  size  of  the  measured 
region  must  be  considered. 

Note  by  way  of  comparison  that  the  rms 
roughness  obtained  by  atomic  force  microscopy 
on  one  side  of  these  foils  was  6  nm  (Fig.  2(a)).  For 
a  1.2  [ig/cm^  foil  (the  value  obtained  by  scaling  the 
nominal  0.6  pg/cm-  by  the  same  factor  as  was 
observed  for  the  0.8  pg/cm-  specimen),  the  0.24 
non-uniformity  corresponds  to  a  rms  length  of 
about  1 .4  nm.  The  discrepancy  between  this  value 
and  the  atomic  force  microscopy  result  indicates 
strong  correlation  between  the  topography  on  the 
two  sides  of  the  foil,  probably  as  a  result  of  the 


morphology  of  the  underlying  surface  or  release 
agent. 

Monte  Carlo  simulations  of  the  spectrometer 
were  performed  using  the  foil  parameters  deter¬ 
mined  by  the  procedure  described  above.  The 
target  was  assumed  to  be  10  nm  of  SiO:,  and  the 
incident  He  energies  ranged  from  1 50  to  270  keV. 
We  assumed  that  the  foil  thickness  scaling  deter¬ 
mined  from  the  0.8  pg/cm-  foil  also  applies  to  the 
0.6  pg/cm-  foil  mounted  in  the  spectrometer.  We 
also  used  a  Gaussian  foil  thickness  distribution 
(the  same  results  are  achieved  with  a  step  distri¬ 
bution)  and  so  assumed  a  carbon  start  foil  with  a 
thickness  of  1.2  ±24%  pg/cm-.  The  simulated 
spectra  were  fit  in  exactly  the  same  way  as  the 
experimental  data  (Eq.  (1))  and  the  resolution  was 
identified  with  the  leading  edge  of  the  peaks.  The 
energy  dependence  of  the  resolution  obtained  from 
these  simulations  is  shown  in  Fig.  7.  The  simula¬ 
tion  omits  intrinsic  timing,  secondary  electron 
timing,  and  charge  exchange  in  the  foil.  These 
terms  are  estimated  to  add  «250  eV  to  the  reso¬ 
lution,  in  quadrature.  For  an  energy  of  104  keV, 
the  simulation  yields  a  resolution  of  1350130  eV, 
which  becomes  1370130  eV  when  the  instrumen¬ 
tal  effects  are  added.  This  value  compares  favor¬ 
ably  with  the  experimentally  measured  resolution 
of  1350140  eV.  The  agreement  between  the  sim¬ 
ulated  and  experimental  resolutions  is,  in  fact, 
excellent  for  all  energies. 


Energy  (keV) 

Fig.  7.  Energy  resolution  versus  particle  kinetic  energy  for 
Monte  Carlo  simulations  of  He^  backscattering  from  SiO:  at 
beam  energies  from  150  to  270  keV.  The  slope  of  the  line  is  768 
eV+ 0.006  with  £  in  cV. 
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It  is  a  common  practice  to  model  the  total 
spectrometer  resolution  by  the  addition  in  quad¬ 
rature  of  various  contributions  such  as  those  from 
straggling,  instrumental  effects,  path  length  differ¬ 
ences,  and  foil  uniformity  [8,27].  However,  because 
foil  uniformity  is  coupled  to  variations  in  the  total 
energy  loss,  straggling,  and  multiple  scattering,  it  is 
clear  that  many  of  these  terms  are  not  statistically 
independent.  To  determine  the  magnitudes  of  the 
relative  contributions  of  these  processes  to  the 
total  observed  resolution  we  have  performed  ad¬ 
ditional  Monte  Carlo  simulations  of  the  oxygen 
peak  assiuning  both  rough  and  uniform  start  foils. 
The  results  of  simulations  for  different  foil  con¬ 
figurations  are  shown  in  Table  1 . 

Simulation  of  a  uniform  1.2  pg/cm^  carbon  foil 
yields  a  resolution  of  1070  eV.  In  this  case,  the 
resolution  is  determined  only  by  straggling  and 
path  length  differences,  which  are  not  strongly 
correlated.  Straggling  alone  for  a  uniform  1.2  pg/ 
cm^  carbon  foil  is  wSOO  eV,  and  its  subtraction  in 
quadrature  from  the  total  resolution  gives  an  es¬ 
timate  of  «700  eV  for  the  contribution  from  path 
length  differences.  By  subtracting  in  quadrature 
the  resolution  obtained  for  a  hypothetical  uniform 
foil  from  that  of  a  1.2  ±24%  pg/cm-  foil,  the 
magnitude  of  the  effect  of  foil  non-uniformity  is 
estimated  to  be  as800  eV.  Although  these  values 
are  only  estimates,  the  large  effect  foil  non-uni¬ 
formity  has  on  the  resolution  can  clearly  be  seen. 

The  resolution  obtained  by  simulating  a  uni¬ 
form  foil,  1070  eV  at  104  keV,  is  an  estimate  of  the 
best  resolution  achievable  for  a  spectrometer  in  the 
geometric  configuration  shown  in  Fig.  1.  If  the 


1.2  ±24%  pg/cm-  start  foil  is  oriented  normal  to 
the  spectrometer  axis  [19]  and  the  stop  detector  is 
aligned  at  angle  of  5.4°,  which  removes  path  length 
differences  for  oxygen,  the  simulated  resolution  is 
1090  eV.  Using  the  same  estimation  method  as 
above,  the  straggling  is  *5800  eV,  path  length  dif¬ 
ferences  add  a5200  eV,  and  foil  roughness  adds 
ss700  eV.  Simulation  of  a  uniform  foil  in  this 
spectrometer  configuration  yields  a  resolution  of 
800  eV.  This  value  represents  the  absolute  physical 
limit  for  the  best  achievable  resolution  of  the 
spectrometer  with  a  1 .2  pg/cm^  start  foil. 

From  these  results,  we  conclude  that  the  opti¬ 
mum  design  is  to  orient  the  start  foil  and  detector 
normal  to  the  spectrometer  axis  and  to  provide  the 
flexibility  to  adjust  the  angle  of  the  stop  detector  to 
minimize  path  length  differences  for  the  spectral 
feature  of  greatest  interest.  Several  start  foil  con¬ 
figurations  using  electrostatic  mirrors  or  magnets 
have  been  designed  for  heavy  ions  or  high-energy 
particles  that  meet  these  criteria  and  appear  to  be 
the  best  systems  for  creating  start  pulses  [19,28- 
30].  Extra  caution  should  be  used  when  using  these 
designs  for  medium  energy  ions,  however.  For 
example,  all  fields  should  be  properly  terminated 
to  eliminate  stray  fields  and  thereby  reduce  the 
deviation  of  the  exiting  ions  and  the  corresponding 
path  length  perturbations. 

5.  Conclusions 

The  determinants  of  resolution  of  a  time-of- 
flight  spectrometer  for  medium  energy  backscat- 


Table  1 


Results  of  Monte  Carlo  simulations  of  backscattering  from  a  10  nm  Si02  film.  The  measured  thickness  and  non-uniformity  of  the 
nominally  0.6  jxg/cm^  diamond-like  carbon  film  were  1.2  ^ig/cm-  and  24%.  The  experimentally  observed  resolution  including  all 
contributions  was  1350140  eV 

Thickness 

(Hg/cm-) 

Non-unifor¬ 
mity  (%) 

Start  detector 
angle 

Stop  detector 
angle 

Instrumental  resolution 
(eV) 

Resolution  for  oxygen 
(eV) 

1.2 

24 

30** 

11.3® 

250 

1370130 

1.2 

24 

30® 

11,3® 

0 

1350130 

1.2 

0 

30® 

11.3® 

0 

1070120 

1.2 

24 

0® 

5.4® 

0 

1090120 

1.2 

0 

0® 

5.4® 

0 

800120  ’ 

180 
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taring  have  been  quantitatively  evaluated.  Of 
greatest  importance  are  straggling  in  the  start  foil, 
start  foil  thickness  variability,  path  length  differ¬ 
ences,  and  kinematic  dispersion  from  the  finite 
spectrometer  acceptance  angle.  In  our  spectrome¬ 
ter,  the  resolution  has  been  greatly  improved  by 
using  a  diamond-like  carbon  start  foil,  which  is 
smoother  and  thinner  than  the  conventional  arc- 
deposited  carbon  foils  used  previously.  The  ap¬ 
parent  thickness  of  foils  nominally  under  1  jig/cm^ 
is  approximately  a  factor  of  two  greater,  probably 
due  to  the  nature  of  the  deposition  process  or  the 
accumulation  of  contaminants  in  handling.  A 
resolution  of  1350140  keV  is  obtained  for  helium 
at  an  energy  of  104  keV.  This  corresponds  to  a 
depth  resolution  of  1.3  nm  for  oxygen  in  Si02  at  a 
45°  sample  angle  and  0.5  nm  at  a  55°  sample  angle. 
Monte  Carlo  simulations  indicate  that  it  is  possible 
to  achieve  a  resolution  of  keV  by  geometric 
refinements,  at  which  point  the  thickness  and 
uniformity  of  the  start  foil  are  the  only  degrees  of 
freedom  available  for  additional  improvements. 
The  correlation  between  the  surface  topography 
on  the  two  sides  of  the  foil  implied  by  the  data 
presented  here  suggests  that  with  improved  fabri¬ 
cation  techniques,  possibly  involving  improved 
surface  morphology  of  the  release  agent,  such 
improvements  may  be  possible. 
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We  report  a  direct  observation  of  A1  penetration  into  an  organic  film  of  8-hydroxyquinoline 
aluminum  (Alq)  in  a  Alq/Al  bilayer,  a  common  interface  occurring  in  many  organic  light-emitting 
diode  structures.  The  A1  penetration  has  a  strong  correlation  with  Alq  photoluminescence 
quenching.  We  also  demonstrate  that  the  penetration  and  luminescence  quenching  can  be  effectively 
suppressed  by  *^20  A  of  an  intervening  layer  of  AI2O3  at  the  Alq/Al  interface.  ©  1998  American 
Institute  of  Physics.  [80003-6951(98)02346-8] 


Organic  light-emitting  diodes  (OLEDs)  using  8- 
hydroxyquinoline  aluminum  (Alq)  as  emitters  have  attracted 
much  attention  since  the  first  report  of  efficient  electrolumi¬ 
nescence  (EL)  from  Alq-based  heterostructures.  ^  Recent 
studies  showed  that  in  addition  to  the  work  function  of  elec¬ 
trodes,  the  interface  between  the  electrode  and  the  organic 
layer  plays  an  important  role  in  determining  EL  efficiency  of 
OLEDs.^“^  In  particular,  a  thin  insulator  film  inserted  at  the 
Alq/Al  interface  can  substantially  enhance  OLED 
performance.^'^  It  was  suggested  that  the  role  of  an  insulator 
layer  at  the  metal/organic  interface  is  to  remove  the  gap 
states  responsible  for  luminescence  quenching.^ 

In  this  letter,  we  use  time-of-flight  medium-energy  back- 
scattering  (MEBS)  to  show  that  AI  atoms  can  penetrate  into 
Alq  films  and  accumulate  in  the  surface  region.  A  thin  AI2O3 
layer  inserted  at  the  Alq/Al  interface  is  found  to  serve  as  a 
barrier  to  metallic  Al  diffusion  into  the  Alq  film.  Photolumi¬ 
nescence  (PL)  measurements  as  a  function  of  inserted  AI2O3 
layer  thickness  are  also  reported,  demonstrating  the  correla¬ 
tion  of  PL  quenching  with  Al  diffusion. 

Metal  diffusion  into  organic  films  has  been  recognized 
as  one  of  the  factors  limiting  OLED  performance.^”^®  Diffu¬ 
sion  of  Ga  and  Ca  into  Alq  has  recently  been  reported.® 
Despite  its  relatively  high  woric  function,  Al  is  widely  used 
as  a  cathode  material  due  to  its  high  resistance  to  corrosion 
and  its  compatibility  with  Si  integration  technology.^  How¬ 
ever,  there  has  been  no  study  of  Al  diffusion  in  Alq  films. 

Evaporation  of  Al  and  Alq  films  was  carried  out  in  a 
vacuum  chamber  with  a  base  pressure  10“"^  Torr.  An 
Al  film  of  10-60  A  in  thickness  was  first  evaporated  on 
either  graphite  (for  the  MEBS  experiment)  or  glass  (for  the 
PL  measurement)  substrates.  For  growth  of  AI2O3  layers,  we 
followed  a  layer-by-layer  procedure^*"^  in  which  thick  AI2O3 
layers  were  obtained  by  room-temperature  oxidation  of  a  10- 
A-thick  Al  film,  repeatedly.  Oxidation  was  achieved  by  ex¬ 
posing  the  evaporated  thin  Al  film  to  air.**  Rnally,  Alq  films 
were  deposited  at  a  rate  of  2-4  A/s  on  the  top  of  Al  or  AI2O3 


layers.  The  film  thickness  was  determined  with  a  quartz  crys¬ 
tal  monitor  calibrated  by  Rutherford  backscattering  (RBS). 
MEBS  experiments  were  performed  in  an  ultrahigh  vacuum 
chamber  10*“ *  Torr)  with  270  keV  He  ion  beams  at  nor¬ 
mal  incidence.  Scattered  ions  were  collected  at  150°  using  a 
time-of-flight  spectrometer  with  a  resolution  of  1.8  keV  for 
surface  Al.*^  PL  measurements  were  made  using  excitation 
light  of  400  nm  from  a  Xe-arc  lamp. 

Figure  1  shows  the  MEBS  spectra  for  the  Alq/graphite 
and  Alq/Al/graphite  samples.*^  The  spectrum  for  the  Alq/ 
graphite  sample  (open  circles)  shows  a  characteristic  ion 
scattering  energy  distribution,  displaying  Al  (leading  edge  at 
155  keV),  O  (leading  edge  at  106  keV),  N  (leading  edge  at 
90  keV),  and  C  (leading  edge  at  75  keV)  all  from  the  pure 
Alq  film,  and  in  good  agreement  with  the  ion  scattering 
simulation.  The  spectrum  for  the  Alq/Al/graphite  sample 
(full  circles)  clearly  shows  the  appearance  of  an  excess  Al 
surface  peak  in  the  surface  region  of  the  Alq  film,  indicating 
Al  penetration  from  the  underlying  metal  layer  into  Alq  and 
segregation  in  the  near-surface  region.  The  MEBS  spectrum 
for  the  Alq/graphite  sample  is  well  described  by  standard 
simulation  codes,  while  the  MEBS  spectrum  of  the  Alq/AI/ 
graphite  sample  does  not  agree  with  the  calculated  spectrum 
for  the  expected  structure.  The  excess  Al  atoms  in  the  sur¬ 
face  region  (155  keV)  is  estimated  to  be  '-1.6X  10*Ycm^, 
about  6.8%  of  the  total  deposited  Al  film  (or  -^2.5  A  of  Al). 
Correspondingly,  an  excess  surface  O  peak  (103  keV)  also 
appears  in  the  spectrum  of  the  Alq/Al/graphite  sample,  indi¬ 
cating  oxidation  of  the  excess  surface  Al.  The  excess  Al 
atoms  in  the  surface  region  was  found  to  be  a  constant  for  a 
wide  range  of  incident  He  beam  charges,  indicating  that  the 
effects  of  the  analyzing  ion  beam  is  not  a  factor  giving  rise  to 
the  Al  diffusion.  The  ion  scattering  yield  in  the  energy  range 
of  80-90  keV  is  also  higher  for  the  Alq/Al/graphite  sample 
than  the  Alq/graphite  sample,  which  is  due  to  partial  oxida¬ 
tion  of  the  underlying  Al  film  during  the  thermal  deposition 
process.  When  Alq  films  were  deposited  on  fully  oxidized  Al 
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FIG.  1.  MEBS  spectra  for  (a)  Alq/graphite  (open  circle)  and  (b)  Alq/Al/ 
graphite  (full  circle).  The  thickness  for  Alq  and  Al  is  850  and  30  A,  respec¬ 
tively.  The  solid  lines  represent  the  calculated  spectra,  assuming  no  Al  pen¬ 
etration. 

layers  (i.e.,  Al203),^^  both  the  additional  surface  peaks  for 
Al  and  O  are  not  present  (Fig.  2).  Unlike  the  Alq/AI/graphite 
sample,  the  MEBS  spectrum  for  the  Alq/Al203 /graphite 
sample  can  be  well  simulated  without  assuming  extraneous 
Al  diffusion.  The  absence  of  the  excess  Al  surface  peak  in 
the  Alq/ AI2O3 /graphite  sample  allows  us  to  further  rule  out 
the  possibility  of  sample  contamination  or  beam  effects  as 
the  source  of  the  anomalous  Al  surface  accumulation. 

MEBS  spectra  for  the  Alq/Al203/Al/graphite  samples 
were  collected  as  a  function  of  intervening  oxide  thickness. 
The  number  of  excess  Al  atoms  in  the  Alq  surface  region 
decreases  with  increasing  thickness  (^oxide)  of  the  inserted 
AI2O3  layer.  For  f oxide  =28  A,  Al  migration  to  the  surface  is 
not  detectable,  indicating  that  a  28-A  AI2O3  layer  at  the 
Alq/Al  interface  can  totally  suppress  Al  penetration  into  the 
Alq  surface  region. 

PL  measurements  were  also  conducted  to  examine  the 
effects  of  inserted  AI2O3  layers  on  Alq  luminescence.  For  the 
PL  experiment  all  films  were  deposited  on  glass  substrates 
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FIG.  2.  MEBS  spectra  for  (a)  Alq/graphite  (open  circle)  and  (b) 
Alq/Al203/^phite  (full  circle)  samples.  The  thickness  for  Alq  and  AI2O3  is 
850  and  40  A,  respectively.  The  solid  lines  represent  the  calculated  spectra, 
assuming  an  unmodified,  “as-grown”  structure. 


FIG.  3.  (a)  The  ratio  of  PL  intensity  at  530  nm  as  a  function  of  AI2O3  layer 
thickness  in  the  Alq/Al203  /Al/glass  samples.  The  thickness  of  the  Alq  and 
Al  films  is  100  and  30  A,  respectively;  (b)  the  number  of  excess  Al  atoms  in 
the  surface  of  the  Alq  film  (850  A  in  thickness)  at  different  AI2O3  layer 
thickness  for  the  Alq/Al203 /Al/graphite  samples. 

whose  fluorescence  background  can  be  ignored  in  the  spec¬ 
tral  range  of  interest.  The  thickness  of  the  Alq  film  for  the  PL 
experiments  is  100  A,  shorter  than  the  exciton  diffusion 
length,  so  that  the  luminescence  quenching  effects  induced 
by  the  Al  atoms  present  at  the  surface  and  interface  can  be 
detected.  The  PL  spectrum  of  Alq  consists  of  a  broad  peak 
centered  at  a  530-nm  wavelength.  The  ratio  of  PL  intensities 
at  the  530-nm  wavelength,  ///q,  is  presented  in  Fig.  3(a), 
where  I  is  the  PL  intensity  for  the  Alq/Al203/Al  samples, 
and  /q  the  PL  intensity  for  a  control  sample  obtained  by 
directly  depositing  the  100-A-thick  Alq  film  on  the  glass 
substrate.  For  the  Alq/Al  sample  (i.e.,  foxide=0)>  almost  95% 
of  the  generated  excitons  are  quenched.  The  PL  intensity  of 
the  Alq/Al203/Al  samples  increases  with  the  thickness  of  the 
inserted  AI2O3  layer,  while  the  aluminum  in  the  surface  re¬ 
gion  of  the  Alq  film  decreases  with  the  thickness  of  AI2O3 
layers  added  at  the  interface  [Fig.  3(b)]. 

Metal  diffusion  in  polymer  and  organic  materials  has 
been  reported  by  many  groups  and  is  shown  to  be  strongly 
related  to  the  reactivity  of  metals  with  the  polymer  and  or¬ 
ganic  materials.^"^®  It  is  generally  observed  that  less  reactive 
metals  diffuse  much  faster  in  polymer  and  organic  materials. 
Recently,  Probst  and  Haight  found  that  diffusion  of  Ga  into 
Alq  films  can  occur  at  room  temperature,  whereas  Ca,  a  more 
reactive  metal,  only  forms  interface  states  and  shows  no  dif¬ 
fusion  into  Alq.^  Since  Al  and  Ga  are  chemically  similar, 
diffusion  of  Al  into  Alq  may  also  be  expected.  Our  study 
suggests  that  the  Al  diffusion  coefficient  in  Alq  at  room  tem¬ 
perature  is  ^10“^*  cm^/s,  which  is  on  the  same  order  of 
magnitude  as  the  Ga  diffusivity  in  Alq,  estimated  from  the 


2916  Appi.  Phys.  Lett.,  VoL  73,  No.  20,  16  November  1998 


Huang  et  at. 


data  published  by  Probst  and  Haight.  Ion  repulsion  due  to 
metal  ionization  has  been  suggested  as  the  mechanism  for 
indium  diffusion  into  peryienetetracarboxylic  dianhydride 
(PTCTA)  films.^’®  Such  a  mechanism  may  also  be  operative 
in  diffusion  of  A1  into  Alq  films,  since  the  ionization  energy 
of  A1  (5.99  eV)  is  only  slightly  higher  than  that  of  In  (5.79 
eV).^  The  crystalline  structure,  especially  the  grain  bound¬ 
aries  in  Alq  films,  may  aid  in  A1  diffusion  and  segregation.  It 
is  well  known  that  metal  segregation  in  inorganic  semicon¬ 
ductors  occurs  as  a  result  of  an  amorphous/crystalline  (a/c) 
phase  transition.  This  mechanism  may  also  play  a  role  in 
the  observed  surface  segregation  of  A1  in  Alq,  since  crystal¬ 
lization  of  polymer  and  organic  films  can  take  place  at  room 
temperature  via  molecular  self-assembly.^^  The  morphology 
of  the  structure  must  also  be  considered  for  the  effects  ob¬ 
served  here.  For  example,  pinholes  in  Alq  could  serve  as  fast 
diffusion  pipes  and  lead  to  the  surface  accumulation  of  free 
A1  through  the  surface  diffusion  process.  Scanning  electron 
microscopy  (SEM)  shows  no  evidence  of  such  pipes. 

Metal-induced  luminescence  quenching  of  organic 
films is  a  serious  problem  for  OLED  devices.  Various 
mechanisms  have  been  proposed,  including  metallic  cluster¬ 
ing,  band  bending  at  the  metal/organic  interface,  and  metal 
diffusion  into  organic  films.  Clustering  of  A1  on  the  Alq/Al 
interface  can  be  easily  excluded  as  the  cause  for  lumines¬ 
cence  quenching  of  Alq,  since  formation  of  metal  clusters 
prohibits  metal  diffusion  in  organic  films,^’®’^°  contrary  to 
our  observation.  Band  bending  at  the  metal/organic 
interface^^  may  be  one  of  the  mechanisms  for  luminescence 
quenching,  if  a  sharp  interface  between  the  A1  and  Alq  layers 
can  be  still  defined.  The  strong  correlation  between  the  re¬ 
tardation  of  A1  penetration  and  the  recovery  of  Alq  PL  in¬ 
tensity  suggests  that  diffusion  of  A1  into  Alq  may  be  a  major 
mechanism  for  Al-induced  luminescence  quenching  of  Alq. 
The  incorporation  of  excess  A1  atoms  (via  diffusion)  could 
induce  lattice  deformation  in  Alq  films  and,  therefore,  lead  to 
the  formation  of  gap  states  which  serve  as  exciton  quenching 
sites.^  The  Alq  PL  intensity  can  be  recovered  substantially 
by  adding  an  intervening  oxide  layer  as  a  diffusion  barrier  to 
metallic  A1  (the  A1  diffusivity**  at  room  temperature  is  esti¬ 
mated  as  ^10"®^  cmVs,  however,  the  actual  diffiisivity  in 
such  ultrathin  films  may  be  strongly  modified).  It  is  well 
known  that  when  exposed  to  air  at  room  temperature,  A1 
metal  forms  a  protective  oxide  layer  (~20-30A)  on  its 
surface  which  inhibits  the  oxidation  of  the  underlying  Al.^^ 
Therefore,  an  interface  oxide  layer  of  20-30  A  in  thickness 
should  be  able  to  completely  suppress  the  A1  diffusion  and 
fully  recover  the  PL  intensity.  However,  at  A,  the 

PL  intensity  ratio  is  only  ~0.6.  The  mechanical  imperfection 
(e.g.,  pinholes)  in  the  oxide,  or  the  chemical  reaction  be¬ 
tween  the  Alq  and  the  hydrated  outer  layer^^  of  the  oxide, 
may  be  the  reason  for  the  incomplete  recovery  of  PL. 

From  our  study  we  see  significant  potential  for  further 
improving  the  performance  of  Alq-based  OLEDs  by  adding 


a  more  effective  diffusion  barrier  than  AI2O3  at  the  Alq/Al 
interface.  This  diffusion  barrier  should  be  thick  enough  to 
stop  A1  diffusion  into  Alq  and  if  insulating,  thin  enough  for 
direct  electron  tunneling  from  A1  into  Alq.  The  optimal 
thickness  of  the  AI2O3  layer  for  maximum  EL  efficiency  in 
Alq-based  OLEDs  was  recently  reported  to  be  '-'12A.^ 
Clearly,  this  is  a  compromise  between  suppression  of  A1 
penetration  and  efficient  electron  tunneling.  Our  data  show 
that  at  toxide*^  10  A,  the  number  of  excess  A1  atoms  diffusing 
into  the  Alq  surface  region  does  not  decrease  significantly, 
and  the  PL  intensity  for  this  sample  is  only  12%  of  that  for 
the  Alq  control  sample.  This  suggests  that  the  optimum  EL 
efficiency  of  Alq-based  OLEDs  may  be  further  enhanced  by 
depositing  an  appropriate  thin  film  ('^  10  A),  which  is  more 
efficient  than  AI2O3  in  retarding  A1  diffusion. 

In  summary,  we  present  direct  evidence  for  A1  penetra¬ 
tion  into  Alq  films.  The  role  of  a  thin  AI2O3  layer  inserted  at 
the  Alq/Al  interface  is,  in  fact,  a  barrier  to  A1  diffusion.  The 
recovery  of  luminescence  intensity  due  to  the  interface  AI2O3 
layer  is  correlated  with  the  reduction  of  A1  diffusion,  sug¬ 
gesting  that  optical  quenching  of  Alq  may  be  caused  by  in¬ 
diffusion  of  Al. 
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Abstract 

Medium  energy  time-of-flight  forward  recoil  spectrometry  has  been  developed  recently  as  a  complement  to  conventional 
ion  beam  analysis  methods  such  as  nuclear  reaction  analysis  and  elastic  recoil  detection.  Here  we  report  measurements  of  the 
minimum  detectable  surface  concentration  and  near  surface  depth  resolution  for  hydrogen  by  forward  recoil  spectrometry 
using  a  number  of  beam  species  and  energies.  The  primary  physical  limitations  encountered  in  these  measurements  are 
identified  and  discussed.  Using  an  810  keV  Ar^"^  beam,  H  on  a  carbon  substrate  can,  in  principle,  be  detected  at  areal 
densities  as  low  as  1  X  10'^  H/cm^.  A  540  keV  beam  has  been  found  to  be  a  suitable  choice  for  depth  profiling  of  H 
in  Si  achieving  a  resolution  of  approximately  6  nm  near  the  surface.  Examples  are  given  which  demonstrate  the  utility  of  the 
technique  for  hydrogen  profiling. 


1.  Introduction 

Elastic  recoil  detection  (ERD)  and  nuclear  reaction 
analysis  (NRA)  are  two  methods  widely  used  for  the 
measurement  of  hydrogen  in  materials  [1,2],  Detection 
sensitivity  and  depth  resolution  are  the  primary  attributes 
usually  considered  in  assessing  the  capabilities  of  these  ion 
beam  analytical  techniques  and  are  often  used  as  bench¬ 
marks  for  comparison.  Szilagyi  et  al.  [3],  have  reported  an 
optimized  depth  resolution  of  2  nm  for  ERD  using  a  2.5 
MeV  C  beam.  Nagai  and  coworkers  [4]  claim  a  detection 
limit  of  2  X  10'^  H/cm^  based  on  the  measurement  of  a 
single  recoil  atom.  In  NRA,  a  near-surface  depth  resolution 
of  5  nm  and  a  bulk  sensitivity  of  less  than  10  ppm  can  be 
achieved  for  hydrogen  using  the  (‘^N,  ay)'^C  reaction 
[5,6].  Medium  energy  (O.l-I  MeV)  time-of-flight  forward 
recoil  spectrometry  has  also  been  demonstrated  to  be  a 
suitable  method  for  determining  the  light  element  composi¬ 
tion  at  or  near  the  surface  of  a  material  [7].  A  number  of 
advantages  may  be  realized  over  the  methods  noted  above. 
A  smaller,  less  expensive  accelerator  is  needed,  while 
good  depth  resolution  near  the  surface  is  achieved  due  to 
the  favorable  timing  properties  of  the  time-of-flight  spec¬ 
trometer.  Because  the  technique  is  sensitive  to  the  velocity, 
rather  than  the  energy  of  the  recoil  and  scattered  particles. 
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separation  and  simultaneous  identification  of  a  number  of 
light  elements  near  the  surface  are  possible  without  the  use 
of  an  absorber  foil.  By  using  lower  energy  beams,  sensitiv¬ 
ity  to  light  elements  is  increased  due  to  the  larger  scatter¬ 
ing  cross  sections  and  the  total  energy  deposited  in  the 
sample  is  reduced.  Recently,  the  first  essentially  nonde¬ 
structive  ion  beam  evaluations  of  radiation  sensitive  nitro¬ 
cellulose  and  Langmuir-Blodgett  organic  thin  films  have 
been  carried  out  using  this  technique  [8]. 

This  paper  describes  experiments  designed  to  establish 
values  for  hydrogen  sensitivity  and  depth  resolution  using 
medium  energy  time-of-flight  (TOF)  forward  recoil  spec¬ 
trometry.  A  number  of  incident  beam  species  and  energies 
arc  considered  in  order  to  identify  the  optimal  analysis 
conditions.  Brief  descriptions  of  the  physical  processes 
which  affect  sensitivity  and  depth  resolution  are  given  in 
order  to  identify  the  limiting  factors  associated  with  time- 
of-flight  measurements.  Lastly,  the  technique  is  applied  in 
the  measurement  of  buried  H  at  C/Si  interfaces  and  500 
eV  H***  implanted  along  random  and  channeled  directions 
in  Si. 


2,  Theoretical  considerations 

Hydrogen  sensitivity  refers  to  the  minimum  surface  or 
bulk  H  content  that  may  be  detected  in  a  material  at  a 
prescribed  confidence  level.  Ultimately,  this  requires  the 
accumulation  of  a  statistically  significant  number  of  counts 
associated  with  recoil  H  in  the  time-of-flight  spectrum. 
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The  number  of  real  counts  attributable  to  the  feature  of 
interest  and  the  associated  error  ar^  determined  by  Poisson 
statistics  are  given  by 


Yt-Yb, 

(la) 

+  ctr  *  ^^Tr  4*  2Yq  , 

(lb) 

where  the  subscripts  T  and  B  refer  to  the  total  and 
background  counts  and  errors,  respectively.  In  order  for 
the  measurement  to  be  statistically  significant,  the  number 
of  real  counts  must  be  a  factor  a  greater  than  the  error  in 
the  measurement  ctr,  where  or  1,  2,  or  3  at  a  66.  95.  or 
99%  confidence  level,  respectively.  Solving  for  Kr  in 
terms  of  the  number  of  background  counts  gives 


‘/2l 


(2) 


for  the  minimum  detectable  yield. 

Background  in  a  time-of-flight  spectrometer  is  pro¬ 
duced  by  random  coincidences.  These  events  occur  when 
different  particles  initiate  otherwise  valid  start  and  stop 
pulses.  Hence,  random  coincidence  background  depends 
on  the  probability  for  generating  valid  start  and  stop  events 
as  well  as  the  rate  at  which  particles  enter  the  spectrome¬ 
ter.  The  composition  of  the  substrate  is  one  factor  con¬ 
tributing  to  this  background  because  the  flux  of  scattered 
particles  depends  on  the  mass  of  the  substrate  and,  ulti¬ 
mately.  the  scattering  cross  section.  The  distribution  of 
random  counts  is  approximately  uniform  in  time  and  in¬ 
creases  linearly  with  current  for  a  given  total  number  of 
incident  particles,  since  the  rate  of  scattered  particles  scales 
directly  with  the  rate  of  incident  particles.  Background 
subtraction,  however,  is  particularly  simple  by  using  the 
kinematically  inaccessible  region  of  the  spectrum  as  a 
baseline. 

The  solid  angle  and  detection  efficiency  arc  fixed  by 
the  choice  of  geometry  and  spectrometer  configuration 
(flight  path,  foil  thickness,  etc.),  directly  affecting  the 
number  of  detected  recoils.  Two  competing  factors  compli¬ 
cate  the  choice  of  beam  species  and  energy  for  optimal 
sensitivity  in  analysis.  While  recoil  H  cross  sections  favor 
the  use  of  high-Z  analysis  beams,  the  time-of-flight  spec¬ 
trometer’s  efficiency  decreases  with  decreasing  energy  of 
the  recoil  H.  Sputtering  of  hydrogen  by  the  incident  beam 
is  a  further  limitation  on  sensitivity  and  will  be  of  the  most 
concern  in  the  use  of  a  high-mass  analysis  beam.  A 
formula  has  been  proposed  which  considers  sputtering 
along  with  a  detailed  treatment  of  the  random  coincidence 
background  to  arrive  at  a  limit  for  sensitivity  [9].  However, 
the  magnitude  of  the  sputtering  contribution  in  the  case  of 
hydrogen  is  difficult  to  quantify  since  the  rate  of  removal 
will  likely  be  influenced  by  the  host  material.  A  reasonable 
order-of-magnitude  estimate  of  the  minimum  detection 
limit  imposed  by  sputtering  might  be  an  areal  density  of 
surface  hydrogen  equal  to  the  ion  dose  used  in  the  analy¬ 


sis.  In  most  analyses  by  forward  recoil  spectrometry,  it  is 
likely  that  random  coincidence  background  will  be  the 
dominant  term  affecting  sensitivity. 

The  ability  of  a  technique  to  resolve  two  distinct, 
same-element  features  separated  by  a  certain  thickness  of 
material  is  characterized  by  the  depth  resolution  of  the 
system 


Ajc 


A£ 

7^’ 


(3) 


COS0I 


COSO-y 


(4) 


where  A£  is  the  energy  resolution,  €(E)  is  the  stopping 
cross  section  factor,  and  9^  and  $2  are,  respectively,  the 
incident  and  exit  ngles  measured  from  the  surface  normal 
[10].  Si(E)  and  S^iK'E)  represent  stopping  cross  sections 
for  the  incident  and  recoil  particles  at  the  incident  and 
recoil  energies  respectively.  The  energy  resolution  for  a 
particular  element  may  be  inferred  from  the  fwhm  of  a 
scattering  peak  corresponding  to  a  monolayer  or  submono¬ 
layer  coverage.  Of  course,  for  a  thicker  scattering  feature, 
A  E  may  be  determined  from  the  leading  and  trailing  edge 
widths  of  the  distribution. 

Timing  resolution,  energy  straggling,  geometric  broad¬ 
ening,  and  multiple  scattering  all  contribute  to  the  mea¬ 
sured  energy  resolution.  An  electronic  timing  resolution  of 
1  ns  will  have  a  variable  effect  depending  on  the  species 
mass  and  energy.  For  example,  the  contribution  of  spec¬ 
trometer  timing  to  the  energy  spread  of  a  50  keV  H  recoil 
is  approximately  1  keV.  In  general,  the  spread  will  in¬ 
crease  for  particles  with  higher  energy  and  mass. 

A  geometric  contribution  to  the  energy  resolution  arises 
from  the  angular  spread  of  scattered  particles  originating 
from  a  beam  spot  of  finite  size  and  sampled  by  a  spectrom¬ 
eter  with  a  finite  aperture  width.  Particles  detected  at 
slightly  different  scattering  angles  will  have  different  re¬ 
coil  energies.  Paszti  et  al.  [11]  discuss  the  optimization  of 
an  ERD  system  for  depth  resolution,  and  derive  an  expres¬ 
sion  for  the  geometrical  effect.  A  further  approximation 
applies  for  scattering  events  in  the  near  surface  region. 


AEg  -  2K^EQ^ytan<f>, 
where 


Ay 


I  d^COS%2 


(5) 

(6) 


In  the  forward  recoil  configuration  used  in  our  labora¬ 
tory,  forward  recoil  angle  <l>  -  42®. 

The  delector-target  distance  D  is  30.5  cm,  with  an  aperture 
width  w  —  0.42  cm  and  a  typical  beam  width,  d,  of  0.5  cm 
measured  in  the  scattering  plane.  The  resultant  broadening 
is  equal  to  4%  of  the  surface  recoil  energy,  or  2  keV  for 
50  keV  recoil  H. 
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The  ability  to  sense  spatial  variations  in  the  elemental 
distribution  depends  not  only  on  the  intrinsic  tesolution 
and  acceptance  angle  of  the  spectrometer  but  also  on  the 
energy  straggling  experienced  by  the  ions  in  penetrating 
the  target.  The  effect  of  energy  straggling  on  the  detector 
resolution  is  expected  to  be  the  dominant  term,  particularly 
for  heavy  ions,  away  from  the  near-surface  region  of  the 
material.  For  numerical  estimates  of  straggling  at  energies 
below  1  MeV  the  empirical  formulae  of  Yang,  O’Connor 
and  Wang  [12]  may  be  used. 

Multiple  scattering  gives  rise  to  an  uncertainty  in  en¬ 
ergy  as  particles  experience  a  gradual  angular  and  lateral 
divergence  in  penetrating  a  material.  The  effect  tends  to 
dominate  in  situations  where  the  incident  or  scattering 
angles  with  respect  to  the  surface  are  very  small  (i.e.  large 
Qi,  $2  and  small  <f>)  and  the  penetration  depth  is  large. 
Empirical  estimates  of  the  angular  and  lateral  dispersion 
have  been  made  in  hydrogen  ERD  and  RBS  analyses 
aimed  at  optimized  depth  profiling  [13].  These  effects  are 
minimal  for  the  forward  recoil  geometry  used  in  our 
laboratory  because  of  the  relatively  large  forward  scatter¬ 
ing  angle.  For  instance,  the  angular  spread  experienced  by 
810  keV  At  traveling  through  10  nm  of  Si  contributes  only 
2  keV  to  the  energy  resolution,  much  less  than  the  energy 
straggling  for  this  thickness. 

Multiple  scattering  also  occurs  when  the  incident  or 
recoil  species  experiences  more  than  one  large-angle  elas¬ 
tic  collision.  Such  collisions,  which  add  up  to  a  net 
deflection  of  42®,  tend  to  produce  particles  with  larger  final 
energies  than  single  scauering  events.  In  a  forward  recoil 
time-of-flight  spectrum,  a  small  background  tail  is  often 
seen  to  extend  in  front  of  the  leading  edge  of  a  thick  target 
recoil  or  scattering  feature. 

3.  Experiment  and  results 
3,L  H  sensitivity  measurements 

Detection  limits  for  surface  H  on  C  and  Si  substrates 
were  determined  using  270  keV  He'*',  C",  and  Ar^,  540 
keV  0^“^  and  and  810  keV  Ar^^  ion  beams.  Clean 


samples  of  silicon  and  graphite  were  analyzed  in  a  bak- 
able,  hydrocarbon-free,  stainless  steel  vacuum  chamber  at 
a  pressure  of  approximately  2  X  10"®  Torr.  Beam  currents 
in  the  range  0.25-0.50  nA  (with  the  exception  of  2.5  nA 
for  He)  were  used  in  order  to  minimize  the  random 
coincidence  background  in  the  measurements.  The  typical 
collection  time  for  each  spectrum  was  30  min.  Small,  well 
separated  peaks  attributable  to  surface  H  were  observed  in 
each  spectrum.  The  minimum  H  yield  was  determined 
using  Eq.  (2)  at  99%  confidence  (or— 3).  From  each 
spectrum,  the  number  of  background  counts  in  the  surface 
peak  f a  was  corhputed  by  multiplying  the  measured  peak 
width  in  channels  by  the  average  number  of  background 
counts  per  channel  in  a  nearby  but  kinematically  inaccessi¬ 
ble  region.  Finally,  the  areal  density  of  surface  H  was 
computed  using  the  appropriate  recoil  cross  section,  spec¬ 
trometer  efficiency  t?,  and  solid  angle. 

The  results  for  measuring  H  on  carbon  with  various 
beams  are  compared  in  Table  1.  The  lower  mass  C  sub¬ 
strate  limits  the  flux  of  scattered  beam  particles  and  sub¬ 
strate  recoils  by  more  than  a  factor  of  three  compared  with 
the  Si  substrates.  In  some  cases,  such  as  the  scattering  of 
Ar  from  C,  an  angle  of  42®  is  larger  than  the  kinematic 
maximum  for  binary  collisions.  The  large  recoil  cross 
section  and  reasonable  H  detection  efficiency  favor  810 
keV  Ar^'*’  for  the  sensitive  measurement  of  surface  H.  It  is 
important  to  note  that  by  acquiring  a  spectrum  over  the 
span  of  approximately  5  h,  an  order  of  magnitude  addi¬ 
tional  charge  could  be  applied  at  the  same  current.  Such  a 
measurement  would  lower  the  detection  limit  by  more  than 
a  factor  of  three.  The  implied  sensitivity  of  ^  I  X  10*^ 
H/cm^  is  equal  to  or  better  than  the  best  values  reported 
using  conventional  ERD  when  differences  in  the  definition 
of  sensitivity  used  by  various  authors  are  considered. 

3,2.  H  depth  resolution  measurements 

The  depth  resolution  for  near  surface  H  may  be  calcu¬ 
lated  from  the  same  spectra  used  for  the  H  sensitivity 
measurements.  After  transformation  of  the  spectrum  from 
the  time  to  energy  domain,  the  hydrogen  surface  peak  was 
fit  to  a  Gaussian,  with  AE  equal  to  the  fwhm  separation. 


Tabic  I 

Comparison  of  H  minimum  detection  limits  for  various  analysis  beams  incident  on  a  C  substrate.  The  background  counts  in  the 
surface  peak  minimum  detectable  yield  (yR).  deposited  charge  (Q),  recoil  cross  section  and  effective  solid  angle  (tj  •  Hh)  used 
in  each  computation  arc  also  provided.  _ _ 


Beam 

Energy  (keV) 

Kg  (counts) 

Kr  (counts) 

Q(10‘^  ions) 

oth  (I0“^^cmVsr) 

(10"^  sr) 

(10‘Vcm2) 

He 

270 

37 

31 

31 

0.173 

3.0 

69 

C 

270 

9.5 

18 

3.1 

10.2 

2.1 

9.8 

0 

540 

4.4 

14 

3.1 

7.77 

2.6 

8.0 

Nc 

540 

7.5 

17 

1.6 

18.2 

2.4 

8.8 

Ar 

270 

140 

55 

1.3 

675 

0.5 

4.4 

Ar 

810 

7.3 

17 

1.0 

9Z1 

2.1 

3.0 
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Table  2 

Effect  of  analysis  beam  on  near-surface  energy  resolution  (AE) 
and  depth  resolution  (^x)  for  H  on  a  C  substrate 


Beam/energy 

(keV) 

HE 

(keV) 

«(£)(cV/ 

lO'Vcm^) 

lO'Vcm^ 

nm 

He/270 

5.5 

26.1 

75.5 

6.7 

C/270 

3.5 

73.2 

54.1 

4.8 

C/540 

5.0 

27.7 

64.7 

5.7 

0/540 

4.5 

25.6 

63.0 

5.6 

Nc/540 

4.0 

22.6 

63.4 

5.6 

Ar/270 

Z5 

16.0 

56.0 

5.0 

Ar/810 

3.5 

20.3 

61.8 

5.5 

Stopping  powers  computed  as  in  Ref.  [14]  were  used  to 
calculate  the  stopping  cross  section  factor  €(E)  and  the 
depth  resolution  Ax  was  then  determined.  The  resulting 
values  are  compiled  in  Table  2.  The  measured  energy 
widths  arc  generally  consistent  with  the  estimated  contri¬ 
butions  due  to  timing  resolution  and  geometric  broadening. 
No  substantial  improvement  in  the  resolution  is  observed 
as  a  function  of  the  analysis  beam  mass  and  energy.  A 
possible  explanation  is  that  while  the  stopping  cross  sec¬ 
tion  increases  at  higher  energies  the  energy  resolution  of 
the  spectrometer  decreases.  With  increasing  recoil  H  en¬ 
ergy,  the  effects  of  spectrometer  timing  resolution  and 
scattering  geometry  become  more  significant.  The  esti¬ 
mated  6  nm  H  depth  resolution  compares  favorably  with 
the  results  typically  achieved  by  conventional  ERD  and 
NRA  [3,5,6]. 

Since  variation  of  the  beam  species  and  energy  offers 
no  clear  advantage  in  depth  resolution  near  the  surface, 
issues  of  sensitivity  and  analyzable  depth  will  play  a 
defining  role  in  choosing  a  beam  for  H  profiling.  The 
analyzable  depth  for  light  element  profiling  is  reduced  by 
heavier  recoils  or  scattered  beam  ions  from  the  surface 
having  the  same  velocity  (and  flight  time)  as  the  recoils 
from  deeper  within  the  target.  Fig.  1  plots  the  analyzable 
depth  as  a  function  of  beam  energy  for  H  in  Si  with  the 
minimum  energy  before  scattering  determined  by  the  point 
of  interference  from  the  next  nearest  scattering  feature 
(either  the  scattered  beam,  for  He,  C,  and  0  incident  ions. 


Fig.  1.  Analyzable  depth  for  H  in  Si  as  a  function  of  beam  species. 


Energy  (keV) 

Fig.  2.  (a)  Time-of-flight  and  (b)  energy  spectra  of  recoil  H  from 
Si  surfaces  covered  by  C  layers  of  varying  thicknesses:  (a)  bare 
Si,  (b)  1,8  p.g/cm^,  (c)  2.3  p.g/cm^,  (d)  3.0  p.g/cm^,  (e)  5.0 
fjLg/cm^.  The  ion  beam  was  540  keV 


or  recoil  C  for  Ne  and  Ar  ions).  Given  that  C  and  O 
produced  generally  similar  results,  a  540  keV  beam 
was  chosen  for  the  sensitive  depth  profiling  of  H  because 
it  is  easier  to  generate  in  our  ion  source.  Note,  however, 
that  with  values  typically  less  than  100  nm  in  a  material 
such  as  Si,  maximum  analyzable  depth  is  a  clear  limitation 
of  medium  energy  forward  recoil  spectrometry  when  com¬ 
pared  with  conventional  ERD  or  NRA,  which  can  be  used 
at  depths  of  a  p.m  or  more  [1,2]. 

An  important  test  of  any  hydrogen  depth  profiling 
technique  is  the  ability  to  resolve  surface  from  buried 
hydrogen.  To  study  this  by  medium-energy,  time-of-flight 
spectrometry,  five  Si  samples  were  cleaved  from  a  8  inch 
Si  wafer,  dipped  in  HF  for  '^2  min,  then  rinsed  in 
deionized  water.  Carbon  foils  of  varying  thickness  (  p  =  2 
g/cm^)  were  floated  onto  the  surface  of  a  water  bath  and 
drawn  onto  the  Si  samples.  The  carbon  thicknesses  stated 
by  the  manufacturer  (ACF  metals)  were  1.8,  2.3,  3.0,  and 
5.0  p,g/cm^  with  uncertainties  of  at  least  ±0.5  p-g/cm^. 
Fig.  2  shows  the  time-of-flight  and  corresponding  energy 
spectra  from  analysis  of  these  samples  by  540  keV  at 
a  deposited  charge  of  5  pC.  A  significant  concentration  of 
H  at  the  C/Si  interface  is  observed  (»  1  X  10 ‘^/cm^), 
due  perhaps  to  either  trapped  water  or  hydrocarbon  con¬ 
taminants  introduced  during  preparation.  The  surface  and 
buried  H  distributions  are  clearly  resolved  with  the  latter 
broadened  and  shifted  lower  in  energy  as  the  thickness  of 
the  C  overlayer  is  increased. 
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Table  3 

Measured  and  calculated  energy  shifts,  6£e*p  ^^caic  ^ 
four  C/Si  interfaces.  See  coiresponding  spectra  in  Fig.  2 


Sample 

C  thickness 
do*’  atoms/cm’) 

(keV) 

8£^ 

(keV) 

b 

1.0 

8.5 

7.1 

c 

l.l 

9.8 

7.8 

d 

1,8 

12.3 

12.8 

c 

2.3 

18.7 

16.3 

The  measured  positions  of  the  buried  H  peaks  were 
compared  with  calculations  based  on  the  standard  energy 
loss  equation 

iE~K’Eo  -  £c  “ 

(7) 

where  d  is  the  carbon  thickness  and  is  the  position  of 
the  centroid.  Values  for  the  carbon  layer  thicknesses  were 
determined  by  810  keV  Ar^'*’  forward  recoil  and  270  keV 
He'*'  backscattcring  measurements.  The  experimental  and 
calculated  energy  shifts  and  the  measured  foil  thicknesses 
used  in  the  calculations  are  given  in  Table  3.  Agreement  to 
±  15%  is  consistent  with  the  uncertainties  for  the  com¬ 
puted  carbon  foil  thicknesses  and  energy  losses,  providing 
strong  evidence  that  the  hydrogen  is  confined  to  the  inter¬ 
face.  Based  on  estimates  of  the  spectrometer  timing  uncer¬ 
tainty,  multiple  scattering,  geometric  broadening,  and  en¬ 
ergy  straggling,  the  energy  widths  of  the  buried  H  distribu- 


Rg.  3.  (a)  Timc-of-flighi  and  (b)  energy  spectra  of  recoil  H  from 
Si  surfaces  implanted  with  500  cV  H'*'  anong  the  [1 10]  direction 
and  in  a  pseudo-random  direction.  The  beam  was  540  keV 


tions  are  consistent  with  a  thin  hydrocarbon  layer  trapped 
at  the  C/Si  interface. 

A  final  demonstration  of  the  application  of  forward 
recoil  spectrometry  to  hydrogen  profiling  is  the  measure¬ 
ment  of  low  energy  proton  implant  distributions.  For  light 
ions  with  energies  in  the  range  0.5-5  keV,  the  structure  of 
a  solid  is  known  to  strongly  affect  the  mean  projected 
range  [15].  Experiments  by  Bourque  et  al,  [16]  have  deter¬ 
mined  the  ranges  and  straggling  of  1  keV  deuterons  in 
amorphous,  polycrystalline,  random  and  channeled  Si.  Such 
measurements  are  particularly  useful  for  comparison  with 
TRIM  [14]  or  other  Monte  Carlo  simulations  of  low  energy 
ion  trajectories.  Fig.  3  compares  time-of-fiight  and  energy 
spectra  for  0.5  keV  H'*’  implanted  in  randomly  oriented 
(22.5®  tilt)  and  channeled  OlO)  Si.  The  two  samples, 
prepared  at  the  University  of  Quebec,  have  estimated  peak 
H  atomic  concentrations  of  10%.  A  control  sample  was 
also  analyzed  to  identify  the  surface  H  contribution.  As 
anticipated,  the  implanted  range  increases  along  the  chan¬ 
neling  direction.  A  mean  projected  range  of  10  nm  was 
estimated  for  the  randomly  oriented  sample  using  TRIM 
and  is  consistent  with  the  depth  profile  deduced  from  the 
energy  spectrum  [17]. 


4.  Conclusions 

A  number  of  buried  and  implanted  hydrogen  distribu¬ 
tions  have  been  measured  by  medium  energy  time-of-flight 
forward  recoil  spectrometry.  Results  show  that  this  tech¬ 
nique  compares  favorably  with  conventional  ion  beam 
analytical  techniques  in  sensitivity  and  resolution  for  near 
surface  H.  Minimum  coverages  of  1  X  10‘^  H/cm^  can,  in 
principle,  be  measured  using  an  810  keV  Ar^^  analysis 
beam  while  a  near-surface  depth  resolution  of  approxyi- 
matcly  6  nm  has  been  achieved  with  540  keV  ions. 
Further  optimizations  of  the  time-of-flight  spectrometer 
and  the  scattering  geometry  should  result  in  substantial 
improvement  over  these  quoted  values. 
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Abstract 

Wc  have  investigated  the  behavior  of  low  levels  of  transition  metal  atoms  on  silicon  surfaces  subject  to  nitrogen 
bombardment  Submonolayer  coverages  of  gold,  iron,  copper,  molybdenum  and  tungsten  were  deposited  on  ( 100)  silicon 
surfaces.  Samples  were  analyzed  using  270  keV  He“^  time-of-flight  backscattering  before  and  after  irradiation  with  6  mC  of 
270  keV  N'*'  at  current  levels  in  the  hundreds  of  nanoamps.  The  yield  of  sputtered  metallic  atoms  ranged  from  I.O  x  10*^ 
per  incident  nitrogen  ion  to  3.3  X  10"^  per  incident  ion.  Lower  yields  were  correlated  with  migration  of  the  metallic  species 
into  the  silicon.  The  implications  for  ultra-high  sensitivity  measurement  of  contamination  on  silicon  wafers  by  time-of-flight 
heavy-ion  backscattering  spectrometry  are  discussed. 


ELSE^ER 


1.  Introduction 

Improving  the  sensitivity  of  surface  analytical  tech¬ 
niques  to  metallic  contaminants  is  of  vital  importance  to 
the  semiconductor  industry.  Heavy-metal  contamination 
present  in  materials  and  arising  from  processing  and  clean¬ 
ing  operations  is  detrimental  to  devices  because  it  results 
in  defects  which  limit  wafer  yields  and  compromise  circuit 
operation.  In  the  near  future,  new  generations  of  semicon¬ 
ductor  devices  will  require  increasing  efforts  at  detecting 
and  eliminating  such  contamination.  Areal  densities  of 
surface  metallic  impurities  as  low  as  10^  at/cm^  may 
hinder  circuitry  performance  [1,2],  and  the  detection  of 
levels  below  1  X  10^  at/cm^  will  probably  be  necessary 
by  the  year  2000  [3]. 

Extensive  efforts  have  been  made  to  develop  or  modify 
surface  analytical  techniques  to  enhance  sensitivity  to  trace 
species.  Researchers  have  been  able  to  attain  sensitivities 
of  about  5  X  10^  at/cm^  for  Fe  using  total  reflection 
X-ray  fluorescence  spectrometry  without  using  chemical 
techniques  to  concentrate  the  material  to  a  small  spot  [3,4], 
Also  impressive  are  the  improvements  in  sensitivity  result¬ 
ing  from  optimization  of  time-of-flight  backscattering 
spectrometry  [1].  To  optimize  sensitivity,  the  yield  of  real 
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counts  must  be  increased  while  background  counts  are 
reduced.  The  use  of  heavy  ions  at  energies  lower  than 
those  used  in  conventional  Rutherford  backscattering  in¬ 
creases  the  yield  since  the  scattering  cross  section  is 
increased.  Medium  energy  (a  few  hundred  keV)  time-of- 
flight  backscattering  with  heavy  ions  can  provide  a  sensi¬ 
tivity  to  trace  elements  which  is  improved  by  a  factor  of 
10^  relative  to  that  which  is  possible  with  conventional 
Rutherford  backscattering  [1], 

As  the  sensitivity  of  surface  analytical  techniques  is 
improved,  other  factors  which  limit  sensitivity  to  surface 
species  come  into  play.  For  techniques  which  rely  on 
backscattering  of  incident  ions,  the  ultimate  limit  to  sensi¬ 
tivity  may  be  imposed  by  the  sputter  removal  of  the 
material  of  interest  [3,5,6].  The  same  physical  processes 
that  enhance  sensitivity  for  medium  energy  backscattering 
also  govern  sputtering  yields.  In  particular,  the  increase  in 
scattering  cross  section  which  occurs  at  low  incident  beam 
energies  and  for  higher  Z  incident  ions  yields  more 
backscattered  particles,  but  also  results  in  greater  damage 
to  the  target  near  the  surface  and  larger  sputtering  yields. 

Many  expressions  and  definitions  for  detection  limits  in 
experiments  involving  Poisson  counting  statistics  have  been 
proposed  [7].  Wc  prefer  to  estimate  the  optimum  sensitiv¬ 
ity  in  the  presence  of  sputtering  by  requiring  that  the 
fractional  statistical  uncertainty,  s,  of  the  measurement  be 
equal  to  the  fraction  of  surface  material  that  is  sputtered 
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away  [6],  We  can  write  the  fractional  statistical  uncertainty 
as 


VC  +  2fi 
C 


P  ’ 


(!) 


where  p  is  the  areal  density  of  the  surface  species,  C  is  the 
yield  of  backscattered  particles,  and  B  is  the  background 
in  the  region  of  interest.  The  yield  of  backscattered  parti¬ 
cles  is  given  by 

C^Napfl-q,  (2) 

where  N  is  the  number  of  incident  projectiles,  o*  is  the 
differential  scattering  cross  section,  Q  is  the  solid  angle  of 
detection,  and  tj  is  the  efficiency  of  the  detector.  The 
number  of  sputtered  surface  atoms  within  the  area  A 
irradiated  by  the  beam  is  NP{  p),  where  P(  p)  is  the 
number  of  sputtered  atoms  per  incident  ion  as  a  function  of 
surface  coverage.  Applying  the  requirement  that  e  must 
equal  the  fraction  of  surface  material  which  is  sputtered 
away,  we  have 


NP{p) 

pA 


(3) 


The  resulting  equation  for  the  minimum  concentration, 
Pn^in,  detectable  in  a  backscattering  measurement  is 


Pmin  " 


i  +  vTTsPF  p(p„j 


2s^ 


Aaflr) 


(4) 


The  function  Pip)  is  not  known  a  priori.  The  simplest 
assumption  for  Pi  p).  where  p  is  substantially  less  than  a 
monolayer,  is  that  it  varies  linearly  with  coverage,  where 

^(P)  =  *P  (5) 

defines  the  constant  of  proportionality.  We  can  estimate  k 
by  making  the  further  ‘  assumption  that  trace  atoms  are 
removed  randomly  via  collision  cascades  dominated  by 
substrate  atoms,  and  that  the  number  of  trace  atoms  re¬ 
moved  is  proportional  to  their  percentage  representation  in 
the  affected  volume  of  material  [6].  This  gives 
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where  y,  is  the  sputtering  yield  of  the  substrate,  and  p,  is 
the  areal  density  of  substrate  atoms  in  the  region  from 
which  sputtered  atoms  originate  (typically  the  top  3  atomic 
layers). 

In  this  experiment,  we  observed  the  behavior  of  dis¬ 
persed  metallic  atoms  on  silicon  substrates  under  bombard¬ 
ment  by  heavy  ions  with  energies  typical  of  those  used  for 
dme-of-flighi  heavy  ion  backscattering  spectrometry.  By 
studying  the  behavior  of  several  species  of  metallic  atoms 
and  determining  experimental  values  for  P,  where 


%-^(P*xp) 


-4(Ap> 


exp 


(7) 


limitations  to  detection  sensitivity  arising  from  the  sputter 
removal  of  the  measured  species  cart  be  estimated  for  a 
variety  of  trace  elements. 


2.  Experimental  procedure 

Two  sets  of  samples  were  used  in  the  measurements. 
One  set  was  prepared  by  sputter  deposition  of  submono¬ 
layer  amounts  of  gold,  copper,  iron,  molybdenum  or  tung¬ 
sten  onto  the  entire  surface  of  device  grade,  1  inch,  (100) 
silicon  wafers.  Prior  to  deposition,  the  wafers  were  ultra- 
sonically  cleaned  first  with  acetone,  then  methanol,  and 
finally  rinsed  with  DI  water.  A  270  keV  Ar'*’  beam  at  10 
|xA  was  used  to  sputter  from  thin  metal  foils  onto  the 
targets.  The  resulting  metallic  atom  coverages  ranged  from 
2.3  X  10*^  at/cm^  for  Au  to  6.9  X  10'"^  at/cm^  for  Mo. 
To  check  for  uniformity  of  coverage,  three  spots  on  each 
sample  were  analyzed  by  backscattering  with  270  keV 
He"^  normally  incident  on  the  target,  at  a  scattering  angle 
of  150®  and  with  a  beam  spot  size  of  0.03  cm^.  A  total 
deposited  charge  of  20  \iC  was  used  in  the  analysis  of  the 
gold,  molybdenum  and  tungsten  deposits,  and  54  p.C  was 
used  in  the  analysis  of  the  iron  and  copper  deposits. 
Measured  variations  in  initial  coverage  were  less  than  10% 
from  spot  to  spot  on  an  individual  sample.  The  samples 
were  then  scanned  with  6  mC  of  270  keV  at  currents 
ranging  from  100  n A  to  800  nA  over  an  area  encompass¬ 
ing  approximately  0.4  cm^.  Thus,  the  number  of  incident 
N'*'  ions  was  (I  ±0.1)  X  10'^  ions/cm^.  (The  uncertainty 
in  this  value  is  due  primarily  to  uncertainties  in  determin¬ 
ing  the  area  of  the  scanned  spot.)  The  purpose  of  scanning 
the  nitrogen  was  to  insure  uniform  irradiation  and  to 
minimize  edge  effects  when  reanalyzing  the  irradiated 
area.  Following  scanning,  the  samples  were  reanalyzed 
with  He'*'  in  the  same  three  locations  that  had  been 
analyzed  previously.  In  all  cases,  at  least  one  of  the 
analyzed  spots  was  outside  the  scanned  region  and  served 
as  a  control  for  the  measurements. 

The  other  set  of  samples  was  prepared  by  evaporating 
the  same  five  metals  onto  150  k  films  of  silicon  which  had 
previously  been  evaporated  onto  a  graphite  substrate.  This 
sample  structure  was  designed  to  allow  us  to  measure  the 
rate  of  sputter  removal  for  both  the  silicon  and  the  metal 
atoms.  Areal  densities  for  the  metallic  species  ranged  from 
6.7  X  at/cm^  for  gold  to  2.3  x  10*^  ai/cm^  for  iron 
and  tungsten.  The  samples  were  analyzed  for  uniformity 
by  backscattering  with  a  total  analysis  charge  of  20  p.C  of 
270  keV  He'*'.  The  samples  were  then  scanned  with  200 
p.C  of  270  keV  He**"  in  an  effort  to  prevent  blistering  of 
the  silicon  film  by  subsequent  N**"  irradiation.  The  three 
spots  were  reanalyzed  to  verify  that  this  scan  did  not  erode 
the  sample.  Next  the  samples  were  scanned  with  6  mC  of 
270  keV  N"*".  Beam  currents  and  scan  areas  were  both 
comparable  to  those  used  for  the  first  set  of  samples. 
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Finally,  these  samples  were  reanalyzed  with  He"^  after  the 
irradiation. 

For  all  backscattering  analyses  and  for  the  nitrogen 
irradiation,  the  ambient  pressure  in  the  target  chamber  was 
in  the  high  10"®  Torr  range  and  was  due  primarily  to 
helium  from  the  ion  source  and  helium  desorption  from  the 
ion  pumps.  Ambient  pressure  during  the  sputter  deposition 
of  samples  was  in  the  10"^  Torr  range.  To  prevent 
cross-contamination  of  samples  due  to  sputtering  or  over¬ 
laying  of  the  metallic  species  with  sputtered  silicon,  sam¬ 
ples  were  analyzed  individually  with  only  one  sample  in 
the  vacuum  chamber  at  a  time. 

Aside  from  a  slightly  discolored  region  corresponding 
to  the  area  scanned  by  the  nitrogen  beam,  there  was  little 
visible  difference  in  the  sputter-deposited  samples  before 
and  after  irradiation  and  analysis.  Damage  to  the  samples, 
again  in  the  area  scanned  by  the  nitrogen  beam,  was  much 
more  obvious  on  the  evaporated  samples.  Scanning  elec¬ 
tron  micrographs  of  these  samples  showed  that  the  silicon 
film  had  blistered  or  flaked  away  in  some  areas.  Thus,  we 
were  able  to  obtain  only  qualitative  results  from  the  evapo¬ 
rated  Si  film  samples.  Nevertheless,  backscattering  analy¬ 
ses  from  these  samples  support  more  quantitative  results 
obtained  from  the  sputter-deposited  samples. 


3.  Results  and  discussion 

Figs.  I,  2  and  3  show  the  trace  element  features  in  the 
backscattering  energy  spectra  for  the  sputter  deposited 
samples  before  and  after  nitrogen  irradiation.  Areal  densi¬ 
ties  of  the  materials  before  and  after  irradiation  are  given 


Fig,  1.  Au  (a)  and  Cu  (b),  before  and  after  irradiation  with  6  mC 
of  N'*'.  Charge  used  for  the  analysis  (270  keV  backscatter¬ 
ing)  was  20  p.C  for  the  Au  and  54  \lC  for  the  Cu. 


E  (keV) 

Fig.  2.  Fe  (a)  and  W  (b).  before  and  after  irradiation  with  6  mC  of 
Charge  used  for  the  analysis  (270  keV  He*^ )  was  54  jxC  for 
the  Fc  and  20  jjlC  for  the  W. 


for  each  species  in  Table  1.  The  table  also  contains 
which  is  the  experimentally  determined  value  for  the  num¬ 
ber  of  metal  ions  lost  per  incoming  nitrogen  ion, 
^Koch(  Pexp)  which  is  the  corresponding  calculated  quantity 
obtained  from  Eq.  (6)  and,  for  comparison  purposes, 
which  is  the  sputtering  yield  for  the  corresponding  bulk 
metallic  target  subject  to  270  keV  irradiation.  is 
obtained  using  Eq.  (7).  To  obtain  ^stoch(Pexp)»  we  have 
used  2X  10*^  at/cm^  as  for  silicon,  based  upon  an 
areal  density  of  0.68  X  10'^  ai/cm^  for  a  Si  (100)  surface. 
^buJk  calculated  using  the  expression  of  Maisunami  et  al. 
[8],  Estimated  uncertainties  in  the  table  reflect  statistical 
uncertainties  in  the  data.  Uncertainties  due  to  current  inte¬ 
gration  are  much  smaller  than  the  statistical  uncertainties 
while  uncertainties  in  solid  angle  and  detector  efficiency 
have  not  been  considered  because  they  cancel  in  the 
calculation  of  P^xp- 

There  are  several  features  of  note  in  the  figures.  In  all 
cases,  there  is  a  significant  decrease  in  peak  height  for  the 


E  (keV) 

Rg.  3.  Mo  before  and  after  irradiation  with  6  mC  of  This 
spectrum  was  taken  with  20  ii.C  of  270  keV  He^. 
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metallic  species  after  irradiation  compared  with  the  corre¬ 
sponding  height  before  irradiation.  With  the  exception  of 
the  Mo  data  (Fig.  3),  there  is  also  a  noticeable  shift  of  the 
peak  centroid  towards  lower  energies,  consistent  with  mi¬ 
gration  of  metallic  atoms  into  the  silicon.  This  shift  is 
particularly  noticeable  for  Cu,  where  it  corresponds  to 
approximately  90  A  in  the  substrate,  and  for  Au.  where  it 
represents  about  50  A  (see  Fig.  1).  Significant  peak  broad¬ 
ening  is  also  evident  for  Cu  and  Au.  The  centroid  shifts  for 
W  and  Fe  arc  both  equivalent  to  about  20  A,  The  statistical 
error  in  determining  these  centroid  shifts  is  insignificant. 
However,  from  an  analysis  of  the  uniiradiated  control 
spots  we  conclude  that  the  uncertainties  in  these  values  are 
approximately  10  A.  Similar  centroid  movements  were 
observed  in  the  corresponding  spectra  obtained  from  the 
evaporated  Si  film  samples. 

Examining  the  data  presented  in  the  table,  we  note  that 
values  for  seem  to  fall  into  three  groups.  Au  and  Cu 
have  the  lowest  values  while  Mo  has  the  highest  value  for 
^exp-  Values  for  Fe  and  W  are  intermediate.  Considering 
this  trend  in  light  of  the  spectra  in  Fig.  1-3,  we  note  that 
smaller  values  of  seem  to  be  correlated  with  the 
extent  to  which  the  deposited  material  has  migrated  away 
from  the  surface.  Molybdenum  shows  the  greatest  loss  due 
to  sputtering  and  is  the  only  element  which  has  remained 
on  the  surface  (Fig.  3).  In  contrast,  Au  and  Cu  have  the 
smallest  losses  due  to  sputtering  and  the  most  significant 
migration  into  the  silicon.  In  cases  where  we  were  able  to 
estimate  a  sputter-removal  rate  for  the  evaporated  Si  film 
samples,  we  observed  a  similar  correlation  between  migra¬ 
tion  and  sputter  removal. 

An  analysis  of  the  data  shows  that  the  probability  of 
removing  an  ion,  was  lower  than  suggested  by  the 
stochastic  argument  of  Eq.  (6).  However,  for  both  sets  of 
samples  the  relative  ordering  of  the  elements  by  amount  of 
material  lost  was  the  same.  P^^p  was  smaller  than 
^stoch^  Pexp)  by  factors  ranging  from  0.08  to  0.14. 

One  potential  ambiguity  in  our  determination  of  P^^p 
arises  from  the  fact  that  it  depends  upon  the  rate  of 
diffusion  of  metallic  atoms  into  the  bulk  during  irradiation. 
The  total  number  of  nitrogen  atoms  incident  on  the  target 


during  an  irradiation  (»  10*’  ions/cm^)  is  much  larger 
than  the  number  necessary  for  heavy-ion  backscattering 
analysis  of  samples  of  this  type.  It  is  possible  that  most  of 
the  erosion  occurs  almost  immediately,  before  significant 
diffusion  occurs.  If  so,  there  would  not  be  a  simple 
correlation  between  deposited  charge  and  erosion  rates. 
Actual  initial  sputter  yields  for  those  materials  which 
exhibit  diffusion  into  the  bulk  would  be  higher  than  our 
results  indicate.  If  this  is  the  case,  our  estimates  for 
sensitivity  would  be  optimistic. 

There  arc  also  several  factors  not  included  in  the 
approximation  for  Pstoeb^  Pexp^  which  are  expected  to  influ¬ 
ence  the  yield  of  removed  particles  [5].  One  is  the  mass 
difference  between  the  surface  materials  and  the  substrate. 
Sputtering  occurs  when  a  collision  cascade,  generated  by 
energy  deposited  in  the  solid  through  nuclear  collisions, 
intersects  the  surface  and  provides  surface  atoms  with 
enough  energy  to  escape.  Energy  transfer  is  most  efficient 
in  collisions  between  atoms  of  like  mass,  and  therefore  we 
may  expect  large  mass  differences  between  atoms  of  the 
substrate  and  those  of  the  trace  constituent  to  reduce  the 
rate  of  sputter  removal  of  the  latter.  Ion  beam  mixing  of 
the  surface  and  near  surface  layers  of  material  will  also 
reduce  the  rate  of  sputter  removal  by  reducing  the  concen¬ 
tration  of  the  trace  species  on  the  surface.  Thus,  the 
estimate  of  P«och^Pcxp)  Eq.  (6)  is  expected  to  be 
conservative.  Surface  binding  energies  also  influence  the 
rate  of  sputter  removal.  Depending  on  the  binding  energies 
of  the  trace  species  relative  to  the  binding  energies  of  Si 
atoms  at  the  substrate  surface,  the  rate  of  sputter  removal 
could  be  either  increased  or  decreased. 

Using  our  results  for  P^^p,  we  can  make  some  predic¬ 
tions  about  detection  limits.  We  assume  that  Eq.  (5)  is 
applicable  so  that  (p„i„/p«p).  The  mini- 

mum  detectable  areal  density  for  copper  on  silicon  has 
been  estimated  previously  [5]  to  be  about  10*^  atoms/cm^ 
for  nitrogen  backscattering  under  conditions  similar  to 
those  we  have  used.  Our  data  suggest  that,  in  the  absence 
of  background,  sensitivities  of  about  1.5  X  10**  at/cm’ 
should  be  attainable  using  a  spectrometer  with  a  solid 
angle  of  0.8  msr  and  a  beam  spot  size  of  0.03  cm^.  This  is 


Tabic  1 

Areal  densities  of  surface  metallics  before  and  after  irradiation  with  6  mC  of  270  keV  experimental  and  stochastic  (calculated  from  Eq. 
(6))  values  of  P,  and  bulk  sputtering  yields.  Errors  are  statistical  and  do  not  include  other  sources  of  error,  such  as  solid  angle,  current 
integration  and  detection  efficiency 


Metal  species 

Pexp  (before)  (10‘^  cm*^) 

p„p  (afterXlO*^  cm“^) 

Piioch(  Pexp^ 

^bulk 

Au 

Z3±0A 

1.3  ±0.1 

0.0010  ±  0.0003 

0.0079 

0.5 

Cu 

4.9  ±  0.2 

3.6  ±  0.2 

0.0013  ±  0.0005 

0.0169 

0.33 

Fe 

5.7  ±0.2 

3.3  ±  0.2 

0.0024  ±0.0006 

0,0200 

0.18 

W 

6.0  ±  0.1 

3.6  ±0.1 

0.0024  ±  0.0004 

0.0207 

0.11 

Mo 

6.9  ±  0.2 

3.6  ±0.2 

0.0033  ±0.0007 

0.0238 

0.092 
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with  a  detector  efficiency  of  only  about  4%  for  270  keV 
N  ^  backscattered  from  Cu.  Eq.  (4)  indicates  some  modifi¬ 
cations  which  can  be  made  to  improve  upon  this  sensitiv¬ 
ity.  For  example,  the  prototype  HIBS  machine  at  Sandia 
National  Laboratories  has  a  solid  angle  of  34  msr  and  an 
aperture  defining  a  1  mm  diameter  beam  spot  size.  Under 
these  conditions,  our  data  suggest  a  sensitivity  for  Cu  on  Si 
of  about  3.4  X  10^  at/cm^.  A  newer  machine,  developed 
by  Sandia  and  Sematcch,  has  3  detectors,  each  with  a  solid 
angle  of  about  30  msr,  and  a  beam  spot  size  of  0.09  cm^. 
Using  this  instrument,  Knapp  et  al.  [9]  have  recently 
reported  sensitivities  for  Fe  of  6  X  10^  at/cm^  for  Fe  on 
Si  and  3  X  10*  at/cm^  for  Au  on  Si,  based  on  statistics 
which  included  background  counts.  Based  on  Vanderbilt 
detector  efficiencies  and  assuming  the  optimum  situation 
of  no  background,  our  data  suggest  that  sensitivities  would 
be  limited  by  sputtering  to  I  X  10^  at/cm^  for  Fe  and  to 
6X  lO’  at/cm^  for  Au  for  the  Sandia/SEMATECH  in¬ 
strument. 


4.  Conclusion 

Measurements  of  the  rate  of  sputter  removal  of  several 
trace-elements  on  Si  wafers  have  been  conducted  and 
yields  have  been  found  to  be  only  about  12%  as  large  as 
estimates  based  upon  a  simple  stochastic  estimate.  At  the 
observed  levels,  sputter  removal  of  the  trace  elements 
under  investigation  is  not  a  serious  limitation  to  the  sensi¬ 
tivity  of  time-of-flight  backscattering  spectrometry.  Mea¬ 
surements  indicate  that  beam-induced  or  enhanced  diffu¬ 
sion  plays  a  significant  role  in  suppressing  removal  rates. 
Diffusion  of  trace  atoms  away  from  the  surface,  although 
very  modest  in  extent,  is  nevertheless  sufficient  to  move  a 
large  fraction  of  atoms  out  of  the  zone  from  which  they 
may  be  sputtered. 

With  target  sputtering  now  demonstrated  not  to  be  a 
significant  limitation  to  the  sensitivity  of  heavy  ion 


backscattering,  background  produced  by  higher  order  scat¬ 
tering  processes  should  be  regarded  as  the  determining 
factor  limiting  the  ultimate  trace-clement  sensitivity  of  the 
technique.  Furthermore,  theoretical  models  of  trace-ele¬ 
ment  sputtering  must  carefully  take  into  account  the  loca¬ 
tion  of  the  trace  element  atoms  as  well  as  their  migration 
induced  by  exposure  to  radiation. 
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Abstract 

Initial  results  of  a  program  to  optimize  the  resolution  of  a  time-of-flight  medium  energy  backscattering  system  for 
analyses  of  thin  oxide  and  oxynitride  films  on  silicon  are  reported.  Through  a  redesign  of  the  time-of-flight  spectrometer,  it 
has  been  possible  not  only  to  reduce  the  timing  uncertainty  attributable  to  differing  path  lengths  but  also,  by  deliberately 
introducing  small  path  length  differences  correlated  with  scattering  angle,  to  significantly  reduce  the  kinematic  dispersion 
resulting  from  the  finite  solid  angle  of  the  instrument.  Straggling  and  the  energy  distribution  of  the  secondary  electrons 
which  generate  the  start  signal  remain  as  the  primary  contributors  to  system  liming  uncertainty.  Initial  measurements  of  SiO^ 
and  Si3N4  multilayer  films  in  the  10  nm  thickness  range  have  been  made  using  channeling  in  the  <1 10>  direction  of  the  Si 
substrate  to  suppress  background.  The  depth  resolution  of  the  measurements  appears  to  be  ~  2  nm. 


1.  Introduction 

Time-of-flight  spectrometers  designed  to  analyze  ions 
in  the  energy  range  from  a  few  tens  to  a  few  hundreds  of 
keV  have  opened  a  new  window  for  backscattering  and 
elastic  recoil  analyses  of  surfaces.  The  resulting  spectrome¬ 
try  achieves  its  full  potential  when  applied  to  films  with 
thicknesses  up  to  a  few  tens  of  nanometers.  Most  recent 
work  has  focused  upon  establishing  the  efficiency  of  spec¬ 
trometers  for  use  in  quantitative  thin  film  analysis  [1]  and 
upon  optimizing  their  performance  for  ultra-high  sensitiv¬ 
ity  trace  element  analysis  [2].  In  this  paper,  we  revisit  the 
issue  of  spectrometer  resolution  with  the  objective  of 
optimizing  a  system  for  the  measurement  of  Si02,  TiN, 
Si3N4,  and  similar  films  which  have  applications  in  mod¬ 
em  field-effect  transistors.  The  thickness  range  of  interest 
is  from  the  threshold  of  detectability  up  to  perhaps  30-40 
nm. 

The  system  which  we  shall  consider  uses  a  spectrome¬ 
ter  which  derives  a  start  signal  from  secondary  electrons 
emitted  by  the  passage  of  a  backscattered  particle  through 
a  carbon  foil  (nominally  1.7  pig/cm^)  and  a  stop  signal 
from  the  particle's  subsequent  impact  on  a  microchannel 
plate.  The  basic  elements  which  contribute  to  the  finite 
timing  resolution  of  such  a  spectrometer  have  been  out¬ 
lined  in  Ref.  [3].  They  include  kinematic  dispersion  from 
the  finite  acceptance  solid  angle,  ion  path  length  uncertain- 
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ties,  electronic  timing  resolution,  straggling  in  the  start 
foil,  non-uniformity  in  the  start  foil  thickness,  and  the 
intrinsic  energy  spectrum  of  secondary  electrons.  Charge 
exchange  in  the  start  foil,  which  is  biased  at  -4(K)  V,  also 
produces  a  broadening  of  spectral  features.  In  addition, 
backscattering  spectra  are  subject  to  uncertainties  produced 
by  instability  of  the  primary  beam,  straggling  in  the  target, 
and  several  other  processes  [4].  The  objective  of  this  work 
has  been  to  improve  the  system  resolution  until  it  ap¬ 
proaches  the  limits  established  by  the  fundamental  physi¬ 
cal  processes,  such  as  straggling  and  secondary  electron 
emission,  which  occur  within  the  spectrometer. 


2.  Experimental  procedure 

The  basic  configuration  of  the  time-of-flight  spectrome¬ 
ter  is  shown  in  Fig.  1.  In  our  original  design,  the  stop 
microchannel  plate  was  mounted  normal  to  the  spectrome¬ 
ter  axis.  Although  it  was  clearly  recognized  that  this 
introduced  path-length  variability,  the  degree  of  this  vari¬ 
ability  was  judged  to  be  acceptable.  In  the  present  context, 
however,  estimates  indicated  that  this  less  than  optimum 
configuration  was  the  largest  single  source  of  instrumental 
uncertainty  in  measurements.  Of  course,  for  particles  enter¬ 
ing  the  spectrometer  parallel  to  the  axis,  the  tilt  angles  of 
the  foil  and  stop  detector  should  be  the  same.  However,  for 
particles  radiating  from  a  point  source,  such  as  the  one 
approximated  by  the  beam  spot  on  the  target,  there  is  a 
distribution  of  scattering  angles  and  a  corresponding  distri- 
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bution  of  flight  paths  between  the  planes  of  the  start  foil 
and  the  stop  detector.  A  simple  geometric  construction 
shows  that  the  width  of  this  distribution  of  flight  paths  can 
be  minimized  by  properly  selecting  the  angle  of  rotation  of 
the  stop  detector  about  an  axis  which  is  perpendicular  to 
the  plane  formed  by  the  incident  beam  and  the  axis  of  the 
spectrometer.  Furthermore,  since  the  velocity  of  backscai- 
tered  particles  is  correlated  with  scattering  angle  through 
the  kinematic  factor,  it  is  possible  to  minimize  the  width  of 
the  distribution  of  flight  limes  by  systematically  lengthen¬ 
ing  the  flight  paths  of  particles  with  smaller  scattering 
angles.  This  optimization  is  accomplished  by  a  small  addi¬ 
tional  adjustment  to  the  stop-detector  angle. 

In  the  system  shown  in  Rg.  1,  where  the  tilt  of  the  start 
foil  is  30^  the  distance  from  the  target  to  the  foil  is  38  cm, 
and  the  flight  path  is  56  cm,  the  geometric  argument 
implies  that  the  angle  of  the  slop  detector  should  be  12,2®. 
For  a  particles  backscattcred  from  Si,  the  optimum  value 
of  the  tilt  of  the  stop  detector  has  been  found  to  be  15.5®. 
The  angle,  as  shown  in  Fig.  1,  was  chosen  to  be  15®  for 
case  of  manufacturability. 

In  order  to  assess  the  distribution  of  flight  times,  as 
well  as  to  compare  various  alternative  designs,  we  wrote  a 
Monte  Carlo  code  to  simulate  the  effects  of  1)  beam  spot 
size  on  the  target;  2)  all  relevant  apertures;  3)  energy  loss, 
straggling,  and  multiple  scattering  in  the  carbon  start  foil; 
and  4)  the  angles  of  the  start  foil  and  stop  detector.  Fig.  2 
shows  the  results  of  the  simulation  of  a  time-of-flight 
spectrum  of  270  keV  a  particles  backscattcred  from  a 
single  layer  of  Si  atoms.  The  three  curves  on  the  left  are 
for  stop  detector  angles  of  0®,  12.2®,  and  15®  and  omit  the 
effects  of  energy  loss  and  straggling  in  the  carbon  start 
foil.  The  curves  on  the  right  include  stopping  and  strag¬ 
gling  and  are  for  detector  angles  of  0®,  15®  and  30®.  It  is 
clear  from  an  examination  of  these  curves  that,  with  the 
15®  tilt,  the  geometrical  effects  are  greatly  reduced  and  that 
straggling  and  foil  uniformity  dominate  uncertainty.  The 
suppression  of  the  kinematic  dispersion  is  also  seen  to  be 
quite  significant.  It  is  interesting  to  note  that  orienting  the 
stop  detector  and  carbon  foil  parallel  to  each  other  leads  to 
results  as  poor  as  those  obtained  when  no  attempt  is  made 


Fig.  1.  Schematic  of  the  time-of-flight  spectrometer  and  associated 
electronics.  The  drift  length  is  56  cm.  The  angles  of  the  carbon 
start  foil  and  the  plane  of  the  stop  detector  with  respect  to  the 
spectrometer  axis  arc  30®  and  15®  respectively. 


Fig.  2.  Monte  Carlo  simulation  of  spectrometer  resolution  includ¬ 
ing  effects  of  finite  beam  spot  size,  target  angle,  spectrometer 
apertuies.  and  stop  detector  angle.  The  carbon  foil  angle  is  30®. 
The  curves  centered  near  202,5  ns  are  for  detector  angles  of  0® 
(normal  to  the  axis),  12.2®  and  15®  and  include  only  geometrical 
factors,  including  the  backscattering  kinematic  factor.  The  curves 
centered  near  204.8  ns.  for  stop  detector  angles  of  0®.  15®.  and 
30®,  also  include  straggling  and  energy  loss  in  the  stan  foil  and  a 
foil  non-uniformity  of  10%. 


to  optimize  the  geometry.  The  15®  curve  on  the  right  is 
well  fit  by  a  Gaussian  with  standard  deviation  cr  -  0.43  ns. 
This  will  be  taken  to  be  the  contribution  to  timing  uncer¬ 
tainty  from  geometric  factors,  straggling,  and  foil  non-uni¬ 
formity  for  a  particles  backscattering  from  surface  Si. 
Similar  curves  have  been  computed  for  scattering  from 
other  species. 

To  estimate  the  magnitude  of  the  effects  of  electronic 
timing  uncertainty  and  the  secondary  electron  energy 
spread,  which  were  not  included  in  the  simulation,  we 
measured  a  thin  Au  layer  on  Si  by  proton  backscattering  at 
270  keV.  The  observed  peak  was  Gaussian  in  shape  with  a 
standard  deviation  cr  =  0.45  ns.  Since  the  standard  devia¬ 
tion  of  the  Monte  Carlo  simulation  of  this  peak  was  0.08 
ns,  we  can  infer  that  an  upper  limit  to  the  combined  effects 
of  electron-flight-time  dispersion  and  electronic-timing  un¬ 
certainty  is  »  1.04  ns,  fwhm.  Here  and  subsequently  we 
will  define  “resolution*’  to  be  the  full  width  at  half 
maximum  of  an  equivalent  isolated  peak  assuming  nor¬ 
mally  distributed  data.  The  fwhm  value  is  2.35<r  for  a 
peak  and  equal  to  the  12-88%  transition  for  an  edge, 
which  assumes  the  mathematical  form  of  an  error  function. 

The  samples  used  in  this  work  consisted  of  three 
dielectric  layers,  SiOj,  Si3N4  and  SiO^  on  crystalline  Si. 
The  buried  oxide  layer,  whose  stoichiometry  was  not 
known  precisely,  was  nominally  1.5  nm  thick.  The  Si02 
layer  at  the  surface  was  nominally  2.0  nm.  The  nominal 
thickness  of  the  nitride  layers  was  7-8  nm. 

In  order  to  increase  energy  loss  and  thereby  to  improve 
depth  resolution,  the  target  normal  was  oriented  at  45®  with 
respect  to  the  beam  (and  75®  with  respect  to  the  spectrome¬ 
ter).  Together  with  a  scattering  angle  of  150®,  this  resulted 
in  an  exit  angle  for  backscattered  a  particles  of  15®  above 
the  plane  of  the  target.  At  45®  it  was  also  (usually)  possible 
by  carefully  mounting  the  target  to  adjust  it  so  that  a 
significant  amount  of  the  beam  entering  the  Si  substrate 
was  captured  in  the  <110>  channel.  This  greatly  reduced 
the  background  in  the  region  of  the  spectrum  containing 
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the  oxygen  and  nitrogen  features.  In  ail  cases,  the  incident 
a  paiticie  beam  was  270  keV  so  that  the  critical  angle  for 
channeling  was  approximately  1®.  Beam  currents  were 
typically  30-40  nA,  while  beam  spot  sizes  were  approxi¬ 
mately  5  mm^.  Total  beam  exposures  of  approximately 
1-1.5X10*^  a  particles  were  used  in  order  to  avoid 
producing  significant  radiation  damage  to  the  targets. 

Auger  depth  profiles  were  measured  for  comparison 
with  the  backscattering  data.  The  Auger  data  were  ac¬ 
quired  by  sequential  accumulation  of  spectra  and  sputter¬ 
ing  by  a  3  kV  Ar'*’  ion  gun.  The  double-pass  cylindrical 
mirror  analyzer  was  operated  in  pulse  counting  mode.  The 
sample  was  sputtered  for  a  measured  ion  dose  rather  than 
for  a  constant  time.  This  is  particularly  important  since  the 
system  is  automated  and  runs  unattended  for  long  periods 
during  which  Ar  pressure  may  vary.  The  resulting  profile 
of  Auger  strengths  versus  accumulated  Ar"*"  charge  were 
normalized  to  the  same  total  thickness  as  observed  in  the 
backscattering  data. 


3.  Results  and  discussion 


600 
w  400 

s 

<S  200 
0 


500 

400 

300 

200 

100 

0 


Fig.  4.  (a)  An  expanded  view  of  the  region  of  Fig.  3  containing 
the  oxygen  and  nitrogen  features.  Background  has  been  subtracted 
using  a  cubic  polynomial.  The  heavy  solid  line  on  the  surface 
oxygen  feature  near  104  keV  is  the  result  of  a  fit  of  the  data  to  the 
difference  of  two  error  functions,  (b)  The  nitrogen-oxygen  region 
of  a  second  sample  showing  what  appears  to  be  a  nanx)wer  Si  3  N4 
layer.  This  measurement  used  only  3/4  the  charge  of  the  one 
shown  in  part  (a).  The  fit  to  the  surface  oxygen  peak  is  shown  by 
a  heavy  solid  line. 
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The  solid  curve  in  Fig.  3  is  typical  of  the  spectra  which 
were  measured  under  optimum  channeling  conditions  at  a 
target  angle  of  45®.  The  sample  has  a  Si3N4  layer  which  is 
nominally  7  nm  thick.  Also  shown  in  Fig.  3  is  a  spectrum 
obtained  from  the  same  target  at  a  target  angle  of  49®,  but 
with  half  as  much  total  beam.  The  data  have  been  mathe¬ 
matically  rebinned  from  time-of-flight  to  energy  spectra, 
but  have  not  been  corrected  for  spectrometer  efficiency  or 
otherwise  manipulated.  Fig.  4a  shows  the  oxygen-nitrogen 
region  of  the  spectrum  in  Fig.  3  with  background  sub¬ 
tracted  using  a  cubic  polynomial.  Fig.  4b  was  obtained 
similarly  from  another  target  with  nominal  nitride  thick¬ 
ness  of  8  nm.  It  is  clear  from  comparing  these  spectra  that 
significant  structural  information  is  present.  However,  to 
assess  the  quality  of  this  information  we  must  estimate  the 
instrumental  resolution  in  this  energy  range.  This  is  an 
especially  difficult  task  because  of  the  difficulty  of  obtain¬ 
ing  a  target  and  verifying  that  a  target  is  truly  thin. 
Normally  useful  candidates  such  as  evaporated  Au  on  Si. 


Fig.  3.  Backscattering  energy  spectra  of  270  keV  a  particles 
incident  on  a  target  with  nominal  composition  of  Si02,  2  nm; 
Si3N4,  7  nm;  SiO,,  1.5  nm;  Si  (crystalline).  At  an  orientation  of 
45®,  the  beam  channels  in  the  Si  substrate.  The  45®  spectrum  used 
0.24  mC  of  charge  while  the  49®  spectrum  used  0.12  mC. 


which  are  adequate  for  proton  backscattering,  are  not 
useful  for  a  backscattering  because  of  the  non-uniformity, 
both  laterally  and  in  depth,  of  the  Au.  (In  fact,  for  this 
particular  case,  Au  can  be  observed  migrating  in  the 
substrate  under  prolonged  irradiation.) 

Using  the  standard  deviation  of  the  time  of  flight  for  a 
particles  backscattered  from  Si  obtained  from  the  simula¬ 
tion  described  above,  along  with  an  estimate  of  the  timing 
and  secondary  electron  contributions  to  uncertainty  of  0.44 
ns  obtained  from  the  proton  scattering  data,  and  expressing 
this  as  an  energy  uncertainly,  we  conclude  that  the  instru¬ 
mental  resolution  in  the  region  of  the  Si  edge  is  -  2.3 
keV.  This  is  substantially  smaller  than  the  4  keV  observed 
by  fitting  the  data  of  Fig.  3  to  a  difference  of  error 
functions,  but  this  comparison  is  inappropriate  because  of 
the  complicated  structure  of  this  target.  Other  samples  of 
device-grade  Si  have  yielded  edges  as  sharp  as  2.8  ±  0.7 
keV  suggesting  that  the  model  is  in  reasonable  agreement 
with  the  data. 

For  oxygen,  the  proton  data  indicate  a  timing  resolution 
of  0.9  ns.  Together  with  the  standard  deviation  from  the 
simulation  this  predicts  an  energy  resolution  of  1.7  keV. 
This  estimate  suggests  that  the  oxygen  peaks  in  Fig.  4  are 
wide  enough  to  contain  structural  information.  The  broad 
smooth  curves  superimposed  on  the  oxygen  feature  near 
100  keV  in  Figs.  4a  and  4b  represent  a  fit  to  the  difference 
of  two  error  functions.  The  energy  spread  in  the  transition 
from  12  to  88%  of  peak  height  indicates  2.8  ±  0.7  keV 
resolution.  Less  complex  samples  lead  to  values  as  small 
as  1.8  ±  0.3  keV.  Therefore,  we  adopt  the  modeled  resolu¬ 
tion  of  1.7  keV  to  estimate  the  system’s  optimum  resolu¬ 
tion  for  oxygen  in  the  SiO^  layer.  This  energy  resolution 
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Fig.  5.  (a)  Depth  profile  obtained  from  the  data  shown  in  Fig.  3. 
(b)  Auger  depth  profile  of  the  same  sample.  Curves  are  relative 
and  not  normalized  to  concentrations.  The  depth  scale  is  normal¬ 
ized  using  the  backscattering  data. 

translates  to  a  depth  resolution  for  oxygen  in  Si02  of  1.7 
nm  at  the  incident  and  scattering  angles  used  in  this 
experiment.  Therefore,  we  conclude  that  Figs.  4a  and  4b 
do  indeed  have  information  about  the  target  structure  near 
the  surface. 

The  degradation  in  resolution  with  depth  has  been 
examined  in  detail  by  Williams  and  Moller  [4].  Our  resolu¬ 
tion  is  approximately  comparable  to  that  which  they  ob¬ 
tained  using  a  magnetic  spectrometer.  Although  their  work 
suggests  that  it  should  be  possible  to  reach  this  level  of 
resolution  near  the  surface  using  conventional  backscatter¬ 
ing  with  a  surface  barrier  detector,  to  do  so  would  require 
a  very  steep  target  angle  at  which  the  advantage  of  back¬ 
ground  suppression  afforded  by  the  <110)  channel  would 
not  be  present. 

Fig.  5a  shows  a  depth  profile  derived  from  the  data  of 
Hg.  3  using  the  same  procedure  which  we  have  used 
successfully  for  a  number  of  years  to  profile  thicker  semi¬ 
conductor  device  structures  from  conventional  backscatter¬ 
ing  data  [5].  It  is,  of  course,  necessary  to  make  some 
assumptions  about  target  density  in  order  to  return  a  true 
depth  profile.  We  assume  that  the  bulk  density  of  Si02, 
2.22  g/cm^,  applies  when  the  oxygen  concentration  ex¬ 
ceeds  that  of  nitrogen  and,  conversely,  that  the  bulk  Si3N4 
density.  3.44  g/cm^,  applies  when  nitrogen  exceeds  oxy¬ 
gen.  In  light  of  the  resolution  inferred  above,  we  conclude 
that  the  boundaries  of  the  layers  of  this  target  arc  not 


abrupt,  but  that  there  are  measurable  transition  regions  of 
intermediate  composition.  This  conclusion  is  supported  by 
the  Auger  depth  profile  shown  in  Fig.  5b.  Note  especially 
that  the  nitrogen  signal  begins  to  rise  almost  immediately 
after  the  erosion  of  the  surface  has  begun.  This  is  accom¬ 
panied  by  a  similarly  rapid  decrease  in  the  oxygen  signal. 
The  similarity  of  the  profiles  in  Figs.  5a  and  5b  is  striking 
given  the  difference  in  the  techniques  used  to  produce 
them.  These  data  suggest  that  depth  resolutions  of  =  2  nm 
can  be  achieved  in  targets  such  as  these.  Differences 
between  the  spectra  of  Figs.  5a  and  5b  such  as  the  relative 
concentrations  at  depths  greater  than  »  9  nm  will  be  the 
subject  of  future  research. 


4.  Conclusion 

An  improved  time-of-flight  spectrometer  design  has 
significantly  reduced  the  contribution  to  measurement  un¬ 
certainty  from  path  length  variability  and  kinematic  disper¬ 
sion.  By  using  favorable  target  orientation  to  maximize  ion 
path  lengths  and  suppress  background,  depth  profiles  of 
siiicon-oxide/silicon-nitride  multilayers  with  approxi¬ 
mately  2  nm  depth  resolution  have  been  measured.  The 
technique  appears  to  be  well  suited  for  studying  both  the 
structure  and  composition  of  gate  oxides  and  diffusion 
barriers  as  thin  as  10  nm  or  even  less. 
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Abstract 

The  erosion  properties  of  nitrocellulose  (C6H7N3O,,)  thin  films  on  Si  have  been  studied  under  exposure  to  270  keV  H, 
He,  C,  and  Ar  ions,  Time-of-flight  elastic  recoil  spectrometry  has  been  applied  10  determine  the  atomic  composition  of  the 
films  as  a  function  of  deposited  charge.  All  exposed  films  exhibit  an  initial  removal  of  N  and  O  consistent  with  RO-NOo 
bond  breaking,  proceeding  at  a  rate  that  appears  to  depend  on  the  density  of  electronic  excitation.  A  non-volatile,  carbon-rich 
residue  remains  after  prolonged  exposure  to  H,  He,  and  C  ions,  while  the  film  is  effectively  removed  under  Ar  irradiation. 
Experimental  evidence  supports  the  proposition  that  binary  collisions  are  an  important  mechanism  affecting  desorption  of  the 
H  and  C  components.  The  results  are  consistent  with  a  suggestion  that  complete  volatilization  of  the  film  is  determined  by 
the  nuclear  stopping  power  of  the  incident  ion. 


1.  Introduction 

The  response  of  nitrocellulose  to  energetic  ions  is  quite 
unusual.  The  material  volatilizes  completely  under  certain 
irradiation  conditions,  otherwise  forming  a  radiation-hard 
residue.  This  property,  frequently  referred  to  as  “self-de¬ 
velopment”,  can  be  practically  applied  in  lithography  as  a 
positive  resist,  or  as  a  negative  resist  using  the  residue,  to 
produce  structures  with  lateral  dimensions  less  than  100 
nm  [l].  Previous  workers  have  attempted  to  identify  the 
parameters  affecting  the  nitrocellulose  etch  rate  and  the 
conditions  under  which  a  residue  is  formed.  Kaneko  et  al., 
have  reported  that  both  the  ion  mass  and  energy  play  a  role 
in  the  observed  erosion  behavior,  suggesting  a  mechanism 
dependent  on  the  electronic  and  nuclear  energy  losses  of 
the  ion  in  the  material  [2,3].  Miihle  and  Gotz  observed  an 
initial  etch  rate  independent  of  ion  mass  and  found  no 
correlation  between  the  removed  thickness  and  the  total 
deposited  ion  energy  [4],  Moliton  et  al.,  report  etch  rates 
dependent  on  the  total  energy  loss  with  no  effects  tied  to 
the  individual  nuclear  and  electronic  losses  [5], 

A  common  method  for  measuring  nitrocellulose  film 
evolution  has  been  surface  profilometry.  Unfortunately,  the 
technique  is  insensitive  to  any  changes  in  chemical  compo¬ 
sition  during  exposure.  The  use  of  a  profilometer  may  also 
restrict  the  minimum  thickness  of  films  that  may  be  stud- 
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ied.  Perhaps  because  of  this,  many  previous  experiments 
have  used  films  with  an  initial  thickness  greater  than  the 
projected  range  of  the  irradiating  ions.  Attempts  to  identify 
the  individual  contributions  due  to  electronic  or  nuclear 
energy  loss  are  complicated  by  significant  variation  in 
these  values  along  the  ion  trajectory.  Infrared  spectroscopy 
has  also  been  applied  to  study  the  evolution  of  the  nitrocel¬ 
lulose  chemical  structure,  and  a  number  of  reaction  path¬ 
ways  have  been  suggested  [6].  However,  it  may  not  be 
possible  to  identify  the  dominant  reactions  without  quanti¬ 
tative  information  on  the  film  stoichiometry. 

In  an  attempt  to  further  understand  the  erosion  behavior 
of  nitrocellulose,  we  have  applied  medium  energy  time- 
of-flight  elastic  recoil  detection  to  the  analysis  of  270  keV 
H,  He,  C,  and  .  At  ion  irradiated  thin  films  on  silicon.  This 
technique  can  simultaneously  measure  in  situ  the  evolution 
of  the  individual  atomic  components  in  the  film  as  a 
function  of  the  accumulated  dose.  Thicknesses  less  than  20 
nm  were  studied  to  minimize  the  variation  in  the  nuclear 
and  electronic  energy  loss  as  ions  penetrate  the  film.  The 
initial  loss  of  nitrogen  and  oxygen  for  all  exposures  is 
generally  compatible  with  desorption  of  NO2.  Further,  the 
change  in  N  and  O  content  appears  to  scale  with  the  total 
deposited  electronic  energy  density.  These  results  provide 
at  least  circumstantial  evidence  that  RO-NO2  bond  break¬ 
ing  is  one  of  the  dominant  processes.  For  the  cases  of  H, 
He  and  C  exposure,  a  carbonaceous  layer  persists  after 
prolonged  exposure.  The  complete  removal  of  the  film  by 
At  irradiation  suggests  that  binary  collisions  associated 
with  nuclear  energy  loss  are  an  important  factor  in  deter¬ 
mining  the  onset  of  volatilization. 
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2.  Experiment 

A  stock  solution  of  nitrocellulose  (C6H7N30,,)„  in 
amyl  acetate  was  diluted  to  a  concentration  of  1.5%.  Using 
a  syringe  and  a  #18  needle,  a  single  drop  of  liquid  was 
cast  on  the  surface  of  a  deionized  water  bath.  After 
allowing  the  solvent  to  partially  evaporate,  the  film  was 
drawn  onto  a  clean  l-inch  silicon  wafer  (Virginia  Semi¬ 
conductor).  Each  sample  was  dried  in  air  for  30  minutes, 
then  heated  in  a  N2  ambient  at  80®C  for  another  30 
minutes  to  remove  any  remaining  solvent.  A  thickness  of 
17  nm  was  estimated  based  on  the  weight  of  a  drop  of 
solution,  the  area  of  the  cast  film,  and  a  density  of  1.2 
g/cm*^  for  nitrocellulose. 

The  samples  were  placed  in  a  vacuum  chamber  with  a 
nominal  base  pressure  of  10“^  Torr.  H'*',  He^,  and 
Ar^  ions  were  accelerated  to  270  keV  and  directed  at 
normal  incidence  to  the  samples.  During  each  irradiation, 
the  ions  were  rastered  over  a  0.6  ±0.1  cm^  area  with  a 
current  density  of  approximately  0.02  jj^A/cm^.  At  prede¬ 
termined  intervals,  the  exposures  were  interrupted  and 
time-of-flight  elastic  recoil  detection  was  used  to  measure 
the  atomic  composition  of  the  film. 

Complete  descriptions  of  the  time-of-flight  detection 
scheme  and  its  application  to  the  detection  of  light  ele¬ 
ments  are  given  elsewhere  [7,8].  Briefly,  a  beam  of  810 
keV  Ar*^"^  ions  is  directed  at  an  angle  of  21®  to  the  sample 
surface.  Light  element  recoils  from  the  film,  Si  atoms  from 
the  substrate,  and  the  scattered  beam  are  detected  at  a  42® 
forward  scattering  angle  relative  to  the  initial  beam  direc¬ 
tion.  The  particles  pass  through  a  thin  carbon  foil  and 
generate  one  or  more  secondary  electrons  that,  when  de¬ 
tected  by  a  microchannel  plate,  trigger  a  start  pulse.  The 
particles  themselves  generate  a  stop  signal  at  a  second 
microchannel  plate  after  traversing  a  37  cm  flight  path. 
Although  the  recoil  energies  determined  by  collision  kine¬ 
matics  are  usually  larger  for  high-mass  recoils,  light  atom 
recoils  have  the  greater  velocity  and  are  well  separated 
from  Si  and  Ar  events  in  the  time-of-flight  spectrum.  The 
total  number  of  ions  needed  to  obtain  each  measurement 
was  1  X  10^  ^  By  working  at  beam  energies  lower  than  for 
conventional  elastic  recoil  detection,  the  total  energy  de¬ 
posited  in  the  sample  is  reduced  and  sensitivity  to  light 
elements  is  enhanced,  due  to  the  larger  recoil  cross  sec¬ 
tions.  Hence,  the  damage  to  radiation  sensitive  material  is 
minimized  during  analysis. 


3.  Results  and  discussion 

A  representative  time-of-flight  spectrum  for  a  pristine 
nitrocellulose  film  is  shown  in  Fig.  la.  Recoil  H  is  easily 
identified,  while  overlap  of  the  recoil  C,  N,  and  0  features 
is  observed  due  to  straggling  and  energy  loss  in  the  film 
from  both  the  incident  Ar  and  recoil  species.  In  short,  the 
rilm  is  of  sufficient  thickness  to  cause  a  light  element 


Right  Time  (ns) 


Fig.  1.  (a)  810  keV  Ar*^^  time-of-flight  spectrum  and  least-squares 
fit  for  a  nitrocellulose  thin  filni  on  Si.  IX 10“  ions  were  de¬ 
posited  in  the  analysis,  (b)  Individual  contributions  of  recoil  H,  C, 
N  and  O  from  the  fit  in  (a). 


recoil  emerging  from  some  depth  within  the  film  to  have 
the  same  velocity  as  a  heavier  recoil  near  the  surface. 
Though  the  profiling  of  much  thinner  layers  could  have 
reduced  or  eliminated  this  overlap,  the  erosion  of  the  film 
then  progresses  too  rapidly  for  a  detailed  series  of  mea¬ 
surements  to  be  made.  In  order  to  extract  the  atomic 
concentrations  of  H,  C,  N,  and  O  for  each  analysis,  a  peak 
fitting  algorithm  was  employed.  The  time-of-flight  distri¬ 
bution  f(z)  of  a  particular  recoil  species  from  a  thin 
uniform  layer,  modified  by  energy  loss  and  straggling,  can 
be  described  empirically  by  a  function  that  is  the  convolu¬ 
tion  of  a  Gaussian  with  a  decaying  exponential. 


exp 


k(^k<r^  -  2(z  -  Z(,) 
- 


X 


1-erf 


0) 


where  f{z)  has  been  normalized  so  that  A  gives  the  total 
yield,  k  is  the  decay  constant,  a  the  Gaussian  standard 
deviation,  and  Zq  is  the  calculated  flight  time  correspond¬ 
ing  to  recoils  from  the  surface.  The  complete  fitting  func¬ 
tion  is  the  sum  of  the  contributions  in  the  form  given  in 
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Fig.  2.  (a)-(d)  Change  in  the  components  H,  C,  N  and  O  as  a  function  of  dose  for  Ar  (OX  He  (O),  and  H  (  a)  irradiation.  The  points  are 
connected  to  aid  the  eye. 


Eq.  (1)  for  each  component  of  the  film,  A  total  of  eight  single  decay  constant  and  width  were  assumed  in  describ- 

parameters  were  used,  including  a  yield  for  each  of  the  ing  C,  N,  and  O,  since  the  recoil  velocities  and  energy  loss 

four  elements  and  a  decay  constant  and  width  for  H.  A  characteristics  are  similar.  The  result  of  this  general,  non- 
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Fig.  3.  (a)-(d)  Change  in  the  components  H,  C,  N  and  0  with  the  electronic  energy  density  for  Ar  (□),  He  (O),  and  H  (a)  irradiation. 
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linear  least  squares  fit  to  the  data,  with  uncertainties 
determined  by  counting  statistics,  is  also  shown  in  Fig.  la. 
The  observed  value  oi  for  this  fit,  376.2  for  368 
degrees  of  freedom,  was  typical  of  the  results  obtained  for 
all  analyses.  Fig.  lb  shows  the  individual  contributions  of 
each  species  to  the  time-of-flight  spectrum  in  Fig.  la.  For 
each  computed  yield,  the  areal  density  was  calculated 
based  on  measured  values  for  the  detector  efficiency,  the 
Lenz-Jensen  recoil  cross  section,  and  the  number  of  inci¬ 
dent  ions.  The  initial  stoichiometry  and  thickness  generally 
agree  with  predicted  values  to  within  the  ±  10%  estimated 
uncertainty. 

The  evolution  of  the  atomic  components  of  the  nitrocel¬ 
lulose  film,  subject  to  H,  He,  and  Ar  irradiation,  is  shown 
in  Fig.  2  as  a  function  of  the  dose.  The  data  for  C  exhibits 
a  rate  of  removal  between  those  for  He  and  Ar  but  are 
omitted  from  the  graphs  in  order  to  simplify  presentation 
and  because  of  a  smaller  initial  sample  thickness.  Not 
unexpectedly,  the  removal  rate  increases  with  the  mass  of 
the  incident  ion.  It  is  important  to  note  that  the  ions  used  in 
erosion  differ  greatly  in  both  their  relative  and  absolute 
values  of  the  electronic  and  nuclear  energy  loss,  and 
Using  an  implementation  of  the  TRIM  algorithm  [9],  the 
electronic  stopping  power  in  nitrocellulose  has  been  calcu¬ 
lated  to  be  57.9, 177,  305,  and  335  eV/nm  for  270  keV  H, 
He,  C,  and  Ar  ions  while  the  nuclear  stopping  is  0.055, 
0.735,  13.7  and  198  eV/nm,  respectively.  Studies  of  the 
ion  beam  modification  of  polymers  other  than  nitrocellu¬ 
lose  have  suggested  that  electronic  excitations  alter  the 
chemical  structure  creating  ionized  molecules,  collective 
excitations,  and  highly  excited  species  [10].  Fig  3  shows 
the  variation  of  H,  C,  N,  and  O  with  the  product  of  dose 
and  electronic  energy  loss.  While  a  scaling  with  the  total 
deposited  energy  may  not  be  ruled  out  completely,  the 
overlap  of  the  N  and  O  curves  suggests  that  the  density  of 
electronic  energy  deposition  is  a  key  parameter  influencing 
the  desorption  of  these  components.  From  the  basic  struc¬ 
ture  of  the  nitrocellulose  repeat  unit,  shown  in  Fig.  4,  a 


H 


H  O-NO2 


Fig.  4.  Chemical  structural  formula  of  the  nitrocellulose. 


Fig.  5.  Ratio  of  oxygen  to  nitrogen  loss  as  a  function  of  dose  for 
Ar  ( □ ),  He  (O),  and  H  (  a  )  irradiation.  The  dashed  line  indicates 
the  ratio  consistent  with  the  stoichiometry  of  NO2. 


likely  path  for  the  removal  of  N  and  0  is  the  breaking  of 
radical  O-NO2  bonds.  It  has  been  previously  suggested 
that  under  thermal  annealing,  RO-N02  bond  breaking  acts 
as  a  trigger  for  the  total  decomposition  of  the  molecule 
[11],  Additional  evidence  for  this  mechanism  can  be  seen 
in  the  stoichiometry  of  the  removal  of  N  and  O.  The  ratio 
of  removed .  oxygen  to  removed  nitrogen  is  plotted  as  a 
function  of  the  accumulated  dose  in  Fig.  5.  For  each  of  the 
incident  ions,  the  initial  ratio  is  consistent  with  the  selec¬ 
tive  excision  of  NO2  fragments.  For  H  irradiation,  this 
ratio  is  effectively  maintained  throughout  the  exposure  and 
may  indicate  the  formation  of  a  residue. 

Examination  of  the  erosion  curves  in  Figs.  2a  and  2b 
shows  essentially  complete  removal  of  H  and  C  under  Ar 
irradiation.  The  remaining  coverage  of  light  elements  is 
approximately  the  same  as  that  found  on  a  clean  Si  wafer. 
This  result  is  not  inconsistent  with  an  earlier  suggestion  of 
a  threshold  based  on  a  total  energy  loss  of  350  eV /nm  for 
volatilization  of  the  residue  [4].  For  H,  He  and  C  irradia¬ 
tion,  a  carbon-rich,  oxygen-depleted  layer  remains,  sug¬ 
gesting  that  highly  cross-linked,  carbon  networks  could  be 
formed  by  the  reaction  between  adjacent  radicals.  The 
remaining  residue  is  nearly  twice  as  thick  after  H  exposure 
compared  with  similar  data  for  He  while  no  statistically 
significant  difference  in  stoichiometry  is  noted.  For  H  and 
He  irradiation,  the  overlap  of  the  plots  of  removed  H  and 
C  in  Figs.  3a  and  3b  may  point  to  a  common  bond 
breaking  mechanism  also  based  on  electronic  excitation. 
The  H  and  C  curves  for  Ar  irradiation  appear  to  overlap 
initially  but  decrease  quickly  as  the  film  is  removed.  An 
additional  mechanism  is  needed  to  explain  the  removal  of 
the  residue  by  Ar.  As  evidenced  by  the  large  difference  in 
nuclear  stopping  between  Ar  and  H  or  He,  binary  colli¬ 
sions  could  likely  play  a  key  role.  Using  the  empirical 
formula  of  Matsunami  et  al.  [12],  comparative  estimates  of 
sputtering  yields  for  carbon  by  270  keV  Ar,  He,  and  H  are 
0.72,  0.002,  and  9.7  X 10“^  atoms/ion,  respectively. 
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Given  that  roughly  5  X  10*^  atoms/cm^  of  carbon  remain 
after  He  erosion,  an  exposure  equal  to  the  accumulated  Ar 
dose,  2  X  10^^  ions/cm^,  could  not  remove  this  residue. 
Hence,  simple  differences  in  physical  sputtering  appear 
inadequate  to  explain  complete  removal  of  the  film  by  Ar 
given  the  residue  left  by  He.  It  appears  more  likely  that  a 
desorption  mechanism  incorporating  collisional  sputtering 
would  proceed  in  conjunction  with  the  bond  breaking 
generated  by  electronic  excitations  rather  than  after  the 
formation  of  a  residue. 


4.  Conclusion 

Medium  energy  time-of-flight  elastic  recoil  detection 
has  been  applied  in  the  study  of  the  real-time  evolution  of 
the  atomic  composition  of  nitrocellulose  under  H,  He,  C, 
and  Ar  ion  irradiation.  The  technique  has  been  shown  to  be 
a  useful  tool  for  the  study  of  these  radiation  sensitive 
materials.  The  initial  stoichiometry  of  desorbed  N  and  O  is 
consistent  with  a  reaction  involving  the  breakage  of  RO- 
NO2  bonds.  Good  correlation  is  obtained  between  the 
removal  of  N  and  O  and  the  electronic  energy  loss  under 
all  irradiation  conditions.  Removal  of  H  and  C  show  a 
similar  scaling  for  H  and  He  ions  but  differs  for  Ar 
because  of  the  complete  removal  of  the  residue.  The  larger 
number  of  binary  collisions  experienced  by  Ar  ions,  as 
indicated  by  the  higher  nuclear  stopping  power  and  sput¬ 
tering  yield,  is  probably  responsible  for  this  observed 
behavior. 
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Abstract 

The  intrinsic  efficiency  of  a  time-of-flight  spectrometer  which  derives  timing  information  from  the  passage  of  an  ion 
through  a  carbon  foil  is  governed  primarily  by  secondary  electron  emission  and  multiple  scattering  in  the  foil  and  by  the 
intrinsic  responses  of  the  detectors  which  generate  the  time  markers.  For  all  ions  except  hydrogen,  the  efficiency  is  a 
monotonically  increasing  function  of  energy  in  the  range  up  to  a  few  hundred  keV  used  for  medium  energy  backscattering. 
Combining  expressions  for  spectrometer  efficiency  and  trace  element  sensitivity  obtained  previously,  we  show  that  for  a 
given  ion  the  product  of  scattering  cross  section  and  spectrometer  efficiency  determines  an  optimum  energy  for  trace 
element  analysis  by  backscattering.  The  optimum  choice  of  ion  is  a  function  of  the  mass  of  the  trace  element  under 
investigation.  If  the  limit  of  sensitivity  is  determined  by  sputtering,  then  light  elements  such  as  He  appear  to  be 
unconditionally  superior  to  heavy  projectiles  such  as  C  or  N.  However,  the  numerical  value  of  the  limiting  sensitivity  for  a 
given  trace  element  is  strongly  influenced  by  the  details  of  the  sputtering  and  the  degree  of  beam  induced  mixing  at  the 
surface.  For  elements  in  the  region  of  Fe  to  Cu  reasonable  assumptions  about  sputtering  lead  to  the  conclusion  that 
sensitivities  of  about  3  X  10^®  cm  are  achievable  using  100  keV  He"^  projectiles  and  a  spectrometer  which  subtends  a 
solid  angle  of  1  msr. 


1.  Introduction 

One  of  the  most  promising  applications  of  medium 
energy  backscattering  is  in  the  detection  of  trace  elements 
particularly  on  silicon  where  minute  amounts  of  transition 
metal  contaminants  can  cause  device  failure.  The  general 
trend  of  the  scattering  cross  section,  typified  by  the 
Rutherford  case  where  aazf/E^,  where  Zj  is  the  atomic 
number  of  the  projectile  and  E  its  energy,  seems  to 
indicate  that  heavy  ions  at  low  energies  should  provide  the 
greatest  sensitivity  for  trace  element  detection  [1],  How¬ 
ever,  this  assumes  that  the  detector  of  backscattered  parti¬ 
cles  is  equally  sensitive  to  ions  of  all  masses  and  energies. 
When  a  surface  barrier  detector  is  being  used,  this  is  a 
reasonably  accurate  assumption,  provided  the  energies  are 
high  enough.  For  time-of-flight  spectrometers,  however, 
there  is  a  species  and  velocity  dependent  efficiency  which 
cannot  be  ignored. 

In  this  paper,  we  will  consider  the  behavior  of  time-of- 
flight  spectrometers  which  derive  their  timing  information 
from  the  interval  between  the  detection  of  secondary  elec¬ 
trons  emitted  as  a  particle  passes  through  a  thin  carbon 
foil,  and  the  particle's  subsequent  impact  on  a  microchan- 
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nel  plate  [2].  The  efficiency  of  such  a  spectrometer  is 
determined  primarily  by  secondary  electron  emission  and 
multiple  scattering  in  the  foil  and  by  the  intrinsic  efficien¬ 
cies  of  microchannel  plates  for  detecting  electrons  and 
heavy  particles  [3].  In  the  expression  for  the  yield  of 
backscattered  particles,  the  spectrometer's  efficiency  and 
scattering  cross  section  may  be  grouped  together  to  form  a 
single,  energy  dependent  effective  cross  section  which,  for 
most  ions  which  are  candidates  to  use  in  backscattering, 
has  a  maximum  in  the  range  of  a  few  hundred  keV. 

In  this  publication,  we  will  explore  the  behavior  of  the 
effective  cross  section  and  its  implications  for  the  mini¬ 
mum  measurable  areal  densities  of  various  elements.  Be¬ 
fore  presenting  the  results  of  these  computations,  we  will 
briefly  describe  the  spectrometer  efficiency  model  and 
sputtering-limited  sensitivity  model  which  have  been  used 
to  obtain  them. 


2*  Computational  method 

The  backscattering  yield  Y  from  a  dispersed  layer  of 
atoms  with  areal  density  p  is  given  in  terms  of  the 
differential  scattering  cross  section  cr,  and  number  N  of 
incident  particles  by 

Y-^Npern-q,  (1) 
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where  O  is  the  solid  angle  subtended  by  the  detector  and 
7)  is  the  intrinsic  efficiency  for  detecting  a  backscattered 
particle.  Since  for  a  time^of-flight  spectrometer  both  a- 
and  17  are  dependent  upon  energy,  it  is  reasonable  to  group 
them  together  into  a  single  effective  cross  section 
(r{E)r]iKE),  where  E  is  the  beam  energy  and  K  the 
kinematic  factor  associated  with  the  collision.  The  quantity 
err;  is  a  figure  of  merit  for  trace  element  sensitivity  since, 
when  it  is  large,  a  relatively  lower  density  p  of  target 
atoms  will  produce  a  statistically  significant  backscattering 
yield. 

The  intrinsic  efficiency  of  time-of  flight  spectrometers 
has  recently  been  the  subject  of  both  experiments  and 
mathematical  modeling  in  our  laboratory  [3,4].  We  have 
found  good  agreement  with  measurements  using  the  fol¬ 
lowing  expression: 

”0-  (2) 

where  y  is  the  secondary  electron  yield  of  ions  striking  the 
stop  detector,  %  is  the  mean  secondary  electron  yield  of 
electrons  in  the  channels  of  the  stop  detector,  and  g  is 
defined  by: 

7(1""®  (^) 

Here  A  is  the  open  area  of  a  microchannel  plate;  T  is  the 
transmission  of  ail  meshes  along  the  trajectory  of  an  ion  in 
the  spectrometer;  /  is  the  energy  dependent  fraction  of 
particles  which  fall  within  the  active  area  of  the  stop 
detector  after  being  multiply  scattered  by  the  carbon  start 
foil  [5];  AS^  is  the  secondary  electron  yield  of  the  start 
foil;  A  is  the  probability  that  a  secondary  electron  will 
trigger  the  start  detector;  and  finally,  g  is  a  term 

representing  the  response  of  the  stop  detector  to  ions.  Each 
of  the  terms  5^,  and  /,  representing  (respectively) 

the  stopping  power  of  the  ion  in  the  start  foil,  the  stopping 
power  in  the  stop  microchannel  plate  surface,  and  multiple 
scattering  in  the  start  foil,  are  strongly  energy  dependent 
for  ions  in  the  range  up  to  a  few  hundred  keV.  As  a  result, 
the  efficiency  is  small  for  low  energy  ions  and,  at  a  given 
energy,  decreases  with  increasing  atomic  number  because 
of  the  dominant  effect  of  the  multiple  scattering  term.  In 
the  curves  presented  below,  77  has  been  computed  with 
parameter  values  described  in  Ref.  [3],  with  the  only 
exception  being  that  a  value  of  A  was  used  for  heavy  ions 
which  matches  most  closely  the  observed  performance  of 
our  backscattering  spectrometer  rather  than  a  compromise 
between  our  backscattering  and  forward  scattering  spec¬ 
trometers. 

In  order  to  estimate  the  minimum  measurable  areal 
density  of  a  surface  layer,  it  is  necessary  to  place  some 
limits  on  the  experimental  conditions.  From  a  practical 
point  of  view,  time  must  certainly  play  a  role  as  do  other 
considerations  such  as  background  in  the  region  of  interest, 
multiple  scattering  in  the  target  and  the  sputter  removal  of 
the  layer  by  the  beam  being  used  to  analyze  it.  In  Ref.  [2] 


we  established  an  expression  for  the  minimum  areal  den¬ 
sity  which  can  be  measured  with  fractional  uncertainty  e 
in  the  presence  of  background  B  from  all  sources  includ¬ 
ing  multiple  scattering  in  the  substrate  and  random  coinci¬ 
dences  associated  with  count  rate.  The  criterion  used  was 
that  the  fractional  statistical  uncertainty  of  the  measure¬ 
ment  equals  the  fraction  of  material  removed  by  sputtering. 


The  resultin 


g^p 


ression  is: 


2e^  p^A,n{(rt})' 


(4) 


Here  is  the  area  of  the  target  which  is  irradiated  by  the 
beam.  This  expression  is  based  upon  the  assumption  that 
the  probability  P  that  a  beam  ion  removes  a  target  atom  is 
related  to  the  sputtering  yield  of  the  substrate  through 
the  relation, 

(5) 

Ps 


where  is  interpreted  as  the  areal  density  of  substrate 
atoms  in  the  region  from  which  sputtered  particles  are 
drawn.  Eq.  (5)  expresses  the  assumption  that  trace  ele¬ 
ments  are  sputtered  randomly  from  the  surface  with  a 
probability  equal  to  their  fractional  representation  in  the 
volume  from  which  sputtered  particles  can  emerge.  As 
described  below,  this  assumption  is  probably  too  conserva¬ 
tive. 

Expression  (4)  describes  a  more  general  limit  than 
simple  detectability  which  without  specific  definition  is 
not  a  precise  concept.  In  the  computations  presented  be¬ 
low,  a  minimally  detectable  will  be  taken  to  be  one 
for  which  ^  =  0.3,  which  may  be  viewed  as  a  non-zero 
signal  with  a  confidence  level  of  approximately  three 
standard  deviations.  It  is  also  assumed  that  ^  =  0.  The 
result  for  B¥>0  (or  a  different  e)  can  be  obtained  by 
scaling  the  graphs  below  by  the  leading  factor  in  Eq.  (4). 


3.  Results 

Figs.  1  and  2  show,  as  a  function  of  energy,  the 
effective  cross  section  for  a  number  of  ions  incident  on  Cu 


Energy  (keV) 

Fig.  1.  The  effective  cross  section  for  various  ions  scattering  from 
Cu  as  a  function  of  incident  projectile  energy.  The  scattering  angle 
is  ISO**. 
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Fig.  2.  The  effective  cross  section  for  various  ions  scattering  from 
Au  as  a  function  of  incident  projectile  energy.  The  scattering 
angle  is  150®. 

and  Au.  The  cross  section  a  is  taken  to  be  the  Lenz- Jen¬ 
sen  [6]  screened  cross  section  and  is  computed  without 
approximation  using  methods  similar  to  those  described  in 
Ref.  [7].  The  efficiency  17  is  computed  as  described  above. 
For  ail  ions  except  H,  the  combination  of  screening  and 
spectrometer  efficiency  is  adequate  to  produce  a  maximum 
in  the  effective  cross  section.  Perhaps  most  surprisingly, 
for  detecting  Cu,  helium  achieves  greater  sensitivity  than 
heavy  ions  up  to  an  energy  somewhat  larger  than  100  keV. 
It  is  important  to  note  that  this  is  on  a  projectile-for-pro- 
jectile  basis  and  does  not  yet  take  account  of  the  greater 
sputtering  of  the  heavy  ions.  For  Au,  on  the  other  hand,  a 
nitrogen  beam  in  the  range  of  125  keV  would  be  preferred 
according  to  Fig.  2.  These  figures  indicate  that  lithium 
offers  no  particular  advantage  in  either  case,  at  least  so  far 
as  effective  cross  section  is  concerned. 

Fig.  3  shows  the  energy  at  which  cft]  is  maximum  for 
He  and  N  beams  as  a  function  of  the  atomic  number  Z2  of 
the  target  element.  For  He  this  energy  is  remarkably 
constant  and  near  40  keV  for  most  elements  in  the  periodic 
table.  For  N  it  varies  more  strongly  at  lower  masses  where 
the  backscattered  energy  (and  therefore  the  efficiency)  is 
low  but  remains  near  130  keV  for  a  wide  range  of  ele¬ 
ments. 

Taken  together.  Figs.  1-3  offer  a  surprising  insight. 
Picking  a  convenient  energy  of,  say,  100  keV  we  see  that 
effective  cross  section  is  simply  not  a  very  important 


Fig.  3.  The  energy  at  which  the  effective  cross  section  is  maxi¬ 
mum  for  He  and  N  projectiles  scattering  at  150®  as  a  function  of 
the  atomic  number  of  the  target  particle. 


Fig.  4.  The  sputtering-limited  minimum  detectable  areal  density 
Pn,jn  of  Cu  on  Si  as  a  function  of  beam  energy  for  various 
projectiles.  The  geometric  solid  angle  subtended  by  the  spectrome¬ 
ter  is  assumed  to  be  0.8  msr. 


criterion  to  use  in  selecting  a  beam  for  maximum  sensitiv¬ 
ity  trace  element  analysis  by  time-of-flight  backscattering. 
For  beams  from  He  through  N,  the  effective  cross  section 
varies  by  only  about  50%  thoughout  the  periodic  table. 
Thus,  we  must  look  to  other  effects  such  as  desired  mass 
resolution  or  the  limitations  imposed  by  sputtering  when 
selecting  a  beam. 

In  Fig.  4  we  add  the  effects  of  sputtering  and  show 
from  Eq.  (4)  for  Cu  on  Si  as  a  function  of  beam  energy  for 
various  beams  from  H  to  N.  The  estimate  is  based  upon 
the  solid  angle  subtended  by  our  spectrometer,  0.8  msr, 
and  assumes  a  beam  area  on  target  of  0.03  cm~.  The 
sputtering  yield  of  Si  was  computed  using  the  expression 
of  Matsunami  et  al.  [8]  and  was  taken  to  be  4  X  10 
cm*"^,  corresponding  to  about  3  atomic  layers  of  Si.  When 
sputtering  is  taken  as  the  limiting  process,  light  ions  are 
seen  to  have  dramatically  greater  potential  for  high  sensi¬ 
tivity  than  heavy  ions.  However,  the  choice  may  not  be  as 
straightforward  as  Fig.  4  would  seem  to  imply.  Two  issues 
must  be  considered,  run  time  and  the  appropriateness  of 
the  sputtering  model  described  by  eq.  (5).  Of  the  former, 
one  predicts  that  it  should  take  approximately  an  order  of 
magnitude  (about  10^^  versus  about  10*^)  more  He  than  N 
ions  to  make  the  measurement.  Since  it  is  not  possible  to 
compensate  by  running  larger  currents  without  incurring 
much  increased  background  [2],  the  measurement  with  He 
must  be  assumed  to  take  ten  times  longer.  The  issue  of  the 
correctness  of  the  sputtering  model  is  much  more  subtle. 

Initially,  if  the  trace  element  layer  is  dispersed  and  truly 
surface  correlated,  then  the  assumption  described  above  is 
reasonable,  except  possibly  in  cases  where  a  large  mis¬ 
match  in  atomic  mass  between  the  substrate  and  trace 
constituents  leads  to  poor  transfer  of  energy  between  the 
two.  However,  as  the  analysis  proceeds,  the  target  atoms 
are  not  only  sputtered  but  also  mixed  relatively  deeply  into 
the  substrate  where  a  significant  number  may  be  effec¬ 
tively  eliminated  as  candidates  to  sputter  but  not  to 
backscatter.  Since  heavy  ions  are  expected  to  mix  the 
surface  more  efficiently  than  lighter  ones,  the  apparent 
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Fig.  5.  Minimum  detectable  areal  densities  of  trace  elements  using 
He  and  N  beams  as  a  function  of  the  atomic  number  of  the  trace 
constituent.  Solid  curves  represent  measurement  with  the  best 
beam  energy.  Dotted  curves  are  for  fixed  beam  energies  of  100 
keV  (upper  dotted  curve)  and  300  keV  (lower  dotted  curve)  for  N, 
and  100  keV  for  He.  The  spectrometer  solid  angle  is  0.8  msr. 

advantage  of  light  atoms  derived  by  their  lower  sputtering 
rate  may  be  diminished,  at  least  for  runs  of  constant 
duration.  However,  as  the  effective  cross  section  graph 
shows,  at  least  for  the  case  of  100  keV  He  and  N  being 
used  to  measure  Cu,  it  is  never  completely  eliminated  on 
an  atom-for-atom  basis.  We  conclude  that,  because  of 
these  considerations,  the  estimates  given  here  should  be 
regarded  as  conservative  and  that  lower  values  of 
may  be  achieved  if  sputtering  of  the  trace  layer  proceeds 
(for  any  reason)  more  slowly  than  estimated  by  Eq.  (5). 

Fig.  5  summarizes  as  a  function  of  the  atomic 
number  of  the  target  for  analyses  using  N  (upper  group  of 
curves)  and  He  (lower  curve)  projectiles.  The  solid  curves 
are  obtained  by  using  the  best  energy  for  each  ion-target 
system,  determined  to  be  that  energy  for  which  the  abso¬ 
lute  minimum  is  obtained.  For  the  analysis  of  copper, 
these  correspond  to  the  minima  of  the  curves  in  Fig.  4. 
Also  shown  are  three  dotted  curves.  The  upper  dotted 
curve  is  for  analysis  with  N  at  a  fixed  beam  energy  of  100 
keV.  Fixed-energy  analysis  is  almost  indistinguishable  from 
best-energy  analysis  for  He  and  N  at  100  keV  and  300 
keV,  respectively,  as  shown  by  the  remaining  dotted  curves. 

4.  Conclusion 

Using  a  newly  derived  expression  for  time-of-flight 
spectrometer  efficiency  which  has  been  shown  to  be  in 
good  agreement  with  experimental  observations,  we  have 
revisited  the  problem  of  estimating  the  ultimate  sensitivity 
of  trace  element  analysis  by  medium  energy  backscattering 
with  the  objective  of  gaining  insights  which  might  be 


useful  in  selecting  effective  experimental  conditions.  We 
find  that  the  apparent  advantage  of  heavy  ions  at  low 
energies  is  less  dramatic  or  even  absent  when  screening  of 
collisions  and  spectrometer  efficiency  are  considered,  and 
that  the  dominant  roles  of  sputtering  and  spectral  back¬ 
ground,  such  as  that  caused  by  multiple  scattering  in  the 
target,  are  clearly  evident.  For  general  trace  element  analy¬ 
sis,  beams  of  100  keV  He  or  of  300  keV  N  are  close  to 
optimum  with  He  being  preferred  for  greatest  sensitivity 
for  elements  near  Cu  in  the  periodic  table.  Using  a  spec¬ 
trometer  with  characteristics  similar  to  ours,  one  would 
expect,  in  the  absence  of  background,  to  achieve  a  p„i„  for 
Cu  on  Si  of  about  3  X  10*^  cm with  1  msr  of  geometric 
solid  angle.  With  large-soHd-angle  detectors,  values  of 
Pmin  <10^  cm”^  appear  possible  under  optimum 
conditions.  Lower  p^^^  values  for  heavy  ions  than  those 
computed  here  may  result  from  the  use  of  a  sputtering 
model  which  properly  incorporates  the  effects  of  ion  beam 
mixing.  Ultimately,  the  per-incident-ion  rate  of  removal  of 
trace  elements  on  a  surface  must  be  settled  by  experiment. 
Only  then  can  the  sputtering-limited  be  established 
with  confidence.  In  all  likelihood,  however,  below  areal 
densities  of  10^  cm“*^,  considerations  of  background  will 
dominate. 
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Eq.  (4)  of  the  cited  article  contains  a  typographical  error  due  to  the  author.  A  numeral  set  as  “4”  should 
have  been  an  “8”.  The  correct  equation  is: 
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Medium  energy  (100-300  kcV)  time-of-flight  spectrometry  for  surface  analysis  uses  the  correlated 
detection  of  an  energetic  ion  and  the  secondary  electrons  emitted  as  it  passes  through  a  carbon  foil. 
When  microchannel  plates  arc  employed  in  this  detection  scheme,  a  typical  mean  efficiency  of 
detection  of  less  than  30%  is  achieved.  When  instead  a  surface  barrier  detector  is  used  to  detect  the 
ion,  providing  simultaneous  acquisition  of  velocity  and  energy  information,  certain  advantages  are 
realized  over  the  two  micrtKhanncl  plate  configuration  in  the  characterization  of  low  level 
constituents  of  surfaces.  Specifically,  energy-discriminated  gating  of  the  start  pulse  was  observed  to 
nearly  eliminate  count  rate  dependent  background  in  a  time-of-flight  spectrum.  Further  reduction  in 
background  was  obtained  by  the  selective  elimination  of  forward  recoil  species  or  backscatters  from 
the  substrate.  Replacement  of  the  stop  microchannel  plate  by  a  surface  barrier  detector  has  resulted 
in  improved  detection  efficiency  for  He,  as  well  as  provided  a  means  for  further  study  of  the 
processes  which  affect  time-of-flight  spectrometer  response,  including  multiple  scattering  and 
secondary  electron  emission  in  the  start  foil.  In  this  publication,  we  describe  the  application  of  this 
particle  telescope  to  the  backscattering  analysis  of  gold  on  silicon  and  the  forward  scattering 
measurement  of  hydrogen  in  a  self-supporting  carbon  film. 


I.  INTRODUCTION 

The  term  “particle  telescope”  is  generally  applied  to  any 
detection  scheme  which  records  information  at  two  points 
along  the  linear  trajectory  of  a  particle.  T^PJcal  measure¬ 
ments  include  energy  loss,  total  energy,  and  time-correlated 
position,  from  which  the  particle  velocity  may  be  calculated. 
Wth  knowledge  of  any  two  of  these  parameters,  the  mass  of 
the  particle  may  be  extracted.  The  first  applications  of  this 
technology  were  in  nuclear  physics,  where  it  was  used  to 
characterize  recoil  nuclei  produced  by  energetic  heavy  ion 
reactions.^  More  recently,  particle  telescopes  have  been  used 
in  the  measurement  of  low  Z  elements  in  materials  by  elastic 
recoil  detection  analysis.  Organic  layers,^  oxide  layers,^  and 
implanted  materials'^  have  been  profiled  using  ion  beams 
with  typical  atomic  numbers  from  2  to  20  at  energies  from  2 
to  50  MeV. 

In  the  analysis  of  the  atomic  composition  of  materials 
using  ion  beams,  it  is  often  sufficient  to  measure  a  single 
quantity  such  as  scattered  particle  energy  or  velocity.  Our 
group  has  applied  time-of-flight  (TOF)  spectrometry  using 
He  ions  from  100  to  300  keV  in  the  backscattering  measure¬ 
ment  of  thin  optical  coatings^  and,  recently,  to  submonolayer 
coverages  of  metals  on  sUicon.  Control  of  surface  contami¬ 
nation  due  to  iron  and  nickel  is  of  particular  interest  to  the 
semiconductor  industry  in  efforts  to  fabricate  defect-free 
structures.  Measurements  of  heavy  metal  contaminants  on 
silicon  surfaces  at  levels  of  the  order  10^^  Pb  atoms/cm^  have 
been  reported  using  medium  energy  TOF  backscattering  with 
heavy  ions.^  We  have  also  used  this  method  in  the  analysis  of 
hydrocarbon  films  by  elastic  recoil  detection.^  From  this  ex¬ 
periment,  we  inferred  a  sensitivity  to  hydrogen  of  order  10*^ 
atoms/cm^. 

Two  factors  which  may  hinder  further  improvement  in 
the  sensitivity  of  ion  scattering  to  either  light  or  heavy  ele¬ 


ments  are  TOF  spectrometer  efficiency  and  Intrinsic  random 
coincidence  background.  Recent  experiments  have  shown 
that  the  quantum  efficiency  of  a  two  microchannel  plate  TOF 
spectrometer  is  less  than  30%  for  low  2  ions  in  the  energy 
range  100—300  keV.®  Multiple  scattering  and  secondary  elec¬ 
tron  emission  from  the  start  foil  were  identified  as  primary 
contributors  to  detector  efficiency.  A  theoretical  investigation 
of  the  effect  of  count  rate  on  TOF  spectra  showed  that  a 
uniform  rate  dependent  background  is  generated  by  random 
start  and  stop  pulses  produced  by  different  particles.^  In  the 
analysis  of  low  level  surface  constituents  where  large  beam 
currents  may  be  needed  to  obtain  a  statistically  significant 
measurement,  this  random  coincidence  background  will 
greatly  limit  the  detectable  amount  of  trace  elements. 

In  this  paper,  we  report  a  modification  to  our  existing 
TOF  spectrometer  design  which  shows  potential  for  enhanc¬ 
ing  the  sensitivity  of  ion  scattering  measurements  to  low 
level  surface  constituents  and  provides  further  insight  to  the 
processes  governing  TOF  spectrometer  efficiency.  A  passi¬ 
vated,  implanted,  planar  silicon  (PIPS)  detector  has  been 
substituted  for  the  stop  microchannel  plate  to  produce  a  me¬ 
dium  energy  particle  telescope  capable  of  providing  TOF  and 
energy  information  on  the  detected  particles.  Improved  de¬ 
tection  efficiency  is  realized  due  to  the  unit  quantum  re¬ 
sponse  of  the  PIPS  detector  compared  to  the  50%  estimated 
artive  area  of  the  microchannel  plate.  Windows  in  energy 
were  chosen  for  the  acquisition  of  gated  TOF  spectra.  When 
the  contribution  of  PIPS  detector  noise  to  the  stop  count  rate 
is  eliminated  by  setting  a  minimum  energy  threshold,  ran¬ 
dom  coincidence  background  is  diminished.  Elimination  of 
events  from  the  substrate  or  other  scattering  features  by  gat¬ 
ing  further  reduces  background.  In  order  to  demonstrate 
some  of  the  capabilities  of  this  technique,  two  representative 
samples  were  considered;  a  monolayer  of  gold  on  silicon  and 
a  thin  self-supporting  carbon  film  contaminated  with  residual 
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FIG.  1.  Schematic  of  the  spectrometer  and  associated  detector  electronics. 

hydrogen.  Some  additional  ideas  for  spectrometer  design  im¬ 
provements  are  discussed  as  are  the  difficulties  associated 
with  using  PIPS  detectors  for  medium  energy  ions. 

H.  EXPERIMENTAL 

A  schematic  of  the  apparatus  is  shown  in  Fig.  1.  Scat¬ 
tered  ions  or  neutrals  enter  the  spectrometer  through  an  ap¬ 
erture  and  pass  through  a  3  /ig/cm^  carbon  foil  mounted  on  a 
90%  transmission  nickel  mesh  which  has  been  biased  at 
—800  V  with  respect  to  ground.  Grounded  meshes  positioned 
0.5  cm  in  front  and  back  of  the  foil  define  the  shape  and 
extent  of  the  electric  field.  Secondary  electrons  generated  as 
the  ion  exits  the  foil  are  accelerated  toward  a  microchannel 
plate  assembly  with  the  cathode  grounded  and  the  anode 
biased  at  +2200  V.  The  ions  drift  through  the  spectrometer 
and  strike  a  passivated,  implanted,  planar  silicon  detector 
(Ortec  Ultra-series)  with  a  50  mra^  active  area  and  a  deple¬ 
tion  depth  of  100  fim.  The  flight  path  from  the  start  foil  to 
the  stop  detector  is  approximately  35  cm.  The  aperture  at  the 
entrance  to  the  spectrometer  restricts  the  flux  of  scatters 
while  a  geometric  solid  angle  of  0.1  msr  is  defined  by  the 
active  area  of  the  PIPS  detector. 

A  schematic  of  the  electronics  used  to  acquire  energy- 
gated  TOF  spectra  is  included  in  the  same  figure.  Start  event 
markers  are  generated  from  the  amplified  pulses  of  the  mi- 
crochannei  plate  by  a  constant  fraction  discriminator.  The 
stop  event  markers  from  the  timing  output  of  the  PIPS  de¬ 
tector  preamp  were  typically  much  less  ^an  5  raV  in  ampli¬ 
tude  for  medium  energy  ions,  requiring  two  stages  of  ampli¬ 
fication.  Discriminator  thresholds  in  the  start  and  stop 
channels  were  optimized  to  reduce  the  background  count  rate 
while  continuing  to  pass  real  events.  Energy  pulses  from  the 
stop  detector  were  amplified  (0.5  /is  shaping)  and  passed  to  a 
single  channel  analyzer,  which  produced  500  ns  pulses  used 
to  gate  the  time-to-amplitude  converter  (TAG).  A  -^3.5  /is 
delay  was  added  to  each  timing  signal,  in  order  to  synchro¬ 
nize  them  with  the  gate  pulse.  A  multichannel  analyzer 
sorted  the  valid  TAG  events  into  a  0.25  ns/channel  spectrum. 
The  contribution  of  the  external  electronics  to  the  detector 
timing  resolution  was  measured  with  both  detectors  un¬ 
coupled  from  the  system  using  a  fast  pulser  (-^1  ns  rise  time) 
to  serve  as  a  source  of  start  pulses.  These  triggered  a  tail 
pulse  generator  which  provided  stop  pulses  for  the  PIPS 
preamp.  The  timing  resolution  measured  by  this  method  was 

I. 5±0.3  ns. 


FIG.  2.  Layout  of  forward  and  backscattcring  geometries. 

The  scattering  geometry  is  shown  in  Fig.  2.  Helium  ions 
at  275  keV  were  directed  at  normal  incidence  and  backscat- 
tered  at  ^105®  from  a  silicon  sample  having  a  nominal 
coverage  of  gold,  verified  using  our  conventional  TOF  back- 
scattering  setup,  of  (1.0±0.1)X10^^  atoms/cml  In  the  for- 
ward  scattering  experiment,  a  self-supporting  carbon  foil  was 
mounted  on  a  stainless  steel  support  with  a  0.5-cm-diam 
hole.  A  nominal  thickness  of  (2.7±0.3)X10*’^  atoms/cm^  was 
quoted  by  the  manufacturer.  H  ions  at  105  and  275  keV  were 
forward  scattered  from  the  foil  and  detected  at  ^=53®  and  an 
angle  14®  above  the  horizontal  plane.  The  integrated  charge, 
collected  with  the  beam  incident  on  the  foil,  was  adjusted  by 
the  ratio  of  the  current  deposited  on  a  solid  target  to  current 
through  the  foil  in  order  to  approximate  the  true  value. 

111.  RESULTS  AND  DISCUSSION 

Energy  spectra  obtained  from  the  PIPS  detector  are 
shown  in  Fig.  3  for  275  keV  H  and  He  ions  scattered  from 
the  carbon  film  and  the  gold  on  silicon.  An  energy  scale  was 
established  by  measuring  thick  target  edge  positions  on  a 
number  of  samples.  The  estimated  energy  resolution  for  H 
and  He  from  the  carbon  and  gold  peaks  is  approximately  11 
and  16  keV  FWHM  in  each  case.  The  fraction  of  ions  de¬ 
tected  by  the  PIPS  detector  was  derived  for  H  and  He  by 
taking  the  ratio  of  computed  to  geometric  solid  angle.  The 
calculation  was  based  on  the  known  values  for  the  number  of 
gold  or  carbon  scattering  centers/cm^,  the  Lenz- Jensen  scat¬ 
tering  or  recoil  cross  section,  the  number  of  incident  ions, 
and  the  measured  number  of  counts  in  the  forward  and  back- 
scattering  peaks.  The  He  backscattering  and  H  forward  scat¬ 
tering  fractions  measured  by  the  PIPS  detector  were 
45%  ±5%  and  20%  ±2%,  respectively.  There  are  two  impor¬ 
tant  processes  which  give  rise  to  the  departure  of  these  val¬ 
ues  from  unit  quantum  efficiency.  First,  multiple  scattering  of 
the  ions  as  they  pass  through  the  carbon  start  foil  can  cause 
them  to  be  deflected  out  of  the  acceptance  half-angle  of  the 
detector.  In  order  to  estimate  the  number  of  projectiles  which 
are  lost,  we  have  made  ab  initio  calculations  of  the  multiple 
scattering  distribution  functions  for  H  and  He  ions  passing 
through  the  start  foil  using  Bethels  equations.^®  Distribution 
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FIG.  3.  PIPS  detector  energy  spectra  for  (a)  275  keV  He*  bacfcscattcred 
from  a  monolayer  of  gold  on  sUioon  and  (b)  275  keV  H*  forward  scattered 
from  a  5.4  ^ig/cm^  carbon  foil.  The  charge  deposited  during  each  analysis 
was  12  fiC. 

functions  were  computed  at  250  keV  (the  approximate  scat¬ 
tered  energy  of  the  ions)  using  the  Lenz-Jensen  scattering 
cross  section.  The  angular  distributions  were  numerically  in¬ 
tegrated  over  the  solid  angle  subtended  by  a  0.5®  cone  to 
give  the  fraction  of  multiply  scattered  ions  falling  within  the 
acceptance  half-angle  of  Ae  stop  detector.  According  to  these 
theoretical  estimates,  65%  of  the  He  and  almost  90%  of  the 
H  should  reach  the  detector.  We  attribute  the  remaining  dis¬ 
crepancy  to  misalignments  of  the  detector  and  start  foil  with 
the  point  where  the  beam  strikes  the  target.  The  H  efficiency, 
as  measured  in  the  forward  scattering  geometry,  is  particu¬ 
larly  sensitive  to  any  such  misalignment. 

The  ungated  TOF  backscattering  spectrum  for  275  keV 
He  on  gold-covered  silicon  is  shown  in  Fig.  4(a).  A  logarith¬ 
mic  display  is  chosen  to  better  demonstrate  the  subsequent 
effects  of  gating  on  the  background.  Spectral  features  attrib¬ 
utable  to  gold,  the  silicon  substrate,  and  oxygen,  presumably 
from  the  native  silicon  oxide  layer,  arc  identified.  The  esti¬ 
mated  detection  efficiency  in  TOF  mode,  again  based  on 
measurement  of  the  gold  coverage,  is  36% ±4%,  This  is  an 
improvement  in  efficiency  nearly  twice  that  of  our  conven¬ 
tional  TOF  setup  used  under  comparable  conditions.  The 
probability  that  a  start  event  will  be  generated  by  secondary 
electrons  from  the  foil  largely  accounts  for  the  reduction  in 
TOF  spectrometer  efficiency  compared  with  that  of  the  PIPS 
detector.  The  probability  p  that  a  pulse  is  recorded  when  one 
or  more  secondary  electrons  are  emitted  is  simply 
p  =  1  -  where  n  is  the  number  of  electrons  and  \  is  the 
probability  that  a  single  electron  will  trigger  an  event.  A 
value  of  X=0.3,  based  upon  the  work  of  Fraser,^^  reflects  the 
limitations  of  microchannel  plate  active  area  and  quantum 
efficiency  for  electrons.  The  yield  of  secondary  electrons  is 


FIG.  4.  TOF  spectra  for  275  keV  He*  on  a  monolayer  of  gold  on  silicon 
subject  to  (a)  no  energy  gating,  (b)  20  keV,  and  (c)  215  keV  upper  level 
energy  thresholds.  The  charge  deposited  during  each  analysis  was  18  fiC. 


proportional  to  the  electronic  stopping  cross  section  of  the 
ion  in  carbon.  A  proportionality  constant  of  0.175  eV/10^^ 
atom/cm^  was  derived  from  recent  experimental  data  pub¬ 
lished  by  Rothard  and  co-workers.^^  Based  on  this  estimate, 
the  probability  that  a  250  keV  He  ion  will  generate  a  start 
pulse  is  approximately  80%. 

The  effects  of  two  different  levels  of  energy  gating  on 
the  TOF  spectra  arc  shown  in  Figs.  4(b)  and  4(c).  In  the  first 
case,  a  minimum  energy  threshold  of  20  keV  was  set  to 
eliminate  pulses  which  could  be  attributable  to  low  energy 
scattered  ions  or  detector  noise.  For  the  later  case,  an  upper 
threshold  consistent  with  an  ion  energy  of  215  keV  was  set  to 
reject  all  scatters  from  the  substrate.  The  random  coincidence 
background  in  each  spectrum  was  integrated  over  the  entire 
time  range  excluding  the  region  containing  real  events.  The 
total  measured  background  was  516,  41,  and  4  counts  for  the 
cases  of  no  gating,  20  keV  gating,  and  215  keV  gating,  re¬ 
spectively.  The  total  number  of  counts  in  the  gold  peak  was 
unaffected  by  the  gating  to  within  the  uncertainty  set  by 
counting  statistics.  The  significant  reduction  in  background 
with  increased  gate  threshold  implies  improved  sensitivity  to 
low  levels  of  metal  contaminants.  We  define  a  minimally 
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detectable  feature  as  one  whose  integrated  yield  must  be 
three  standard  deviations  above  the  estimated  error  in  the 
measurement  A  minimum  gold  coverage  of  approximately 
2X10*^  atoms/cm^  should  be  measurable  by  the  present  sys¬ 
tem,  based  on  the  background  for  the  case  of  215  keV  gating. 
This  lower  level  could  be  substantially  improved  by  taking 
measures  to  increase  the  detector  solid  angle,  such  as  moving 
the  spectrometer  closer  to  the  target  and  using  a  PIPS  detec¬ 
tor  of  larger  active  area.  The  later  modification  would  also 
reduce  losses  due  to  multiple  scattering. 

TOP  spectra  for  protons  scattered  from  the  self- 
supporting  carbon  foil  arc  shown  in  Fig.  5.  A  gating  thresh¬ 
old  of  20  keV,  as  in  Fig.  5(b)  again  results  in  a  significant 
reduction  in  background  over  the  ungated  spectrum  5(a).  The 
ratio  of  TOF  to  PIPS  detector  efficiencies  for  the  forward 
scattered  H  off  C  at  250  keV  is  47%  ±5%.  While  smaller 
than  the  value  for  He,  it  is  also  consistent  with  estimates 
based  on  secondary  electron  emission  and  should  be  insen¬ 
sitive  to  detector  alignment.  This  is  quantitatively  understood 
as  the  number  of  secondary  electrons  emitted  by  the  passage 
of  a  H  ion  will  be,  in  general,  less  than  are  generated  by  a  He 
ion  due  to  the  smaller  electronic  stopping  cross  section.  In 
Fig.  5(c)  upper  and  lower  thresholds  were  set  to  pass  only 
ions  with  an  energy  below  125  keV,  effectively  eliminating 
all  proton  scatters  from  the  carbon,  while  continuing  to  reject 
low  energy  events.  An  additional  peak,  resolved  after  collect¬ 
ing  with  a  larger  deposited  charge,  was  tentatively  identified 
as  representing  protons  scatters  from  hydrogen  in  the  foil 
with  a  recoil  (or  scatter)  energy  of  approximately  100  keV. 
The  correct  location  of  the  peak  was  confirmed  by  scattering 
a  105  keV  H  beam  off  the  carbon  foil  to  give  ions  of  the 
same  energy,  as  shown  in  Fig.  5(d).  The  estimated  hydrogen 
concentration  in  the  foil  is  (2.0±0.2)xl0^^  atoms/cm^. 

The  full  width  at  half-maximum  timing  resolution,  mea¬ 
sured  for  the  H  and  He  scattering  from  carbon  and  gold,  was 
4.5  ±0.3  and  6.5  ±0.3  ns,  respectively,  and  includes  the  con¬ 
tribution  from  the  external  electronics.  In  comparison,  the 
nominal  timing  resolution  for  our  two  microchannel  plate 
TOF  detector  is  less  than  1.0  ns.  With  the  PIPS  detector 
connected,  significant  time  jitter  occurs  at  the  output  of  the 
detector  preamplifier,  causing  a  degradation  in  resolution. 
Radio  frequency  pickup  by  the  detector  from  the  accelerator 
high  voltage  source  may  have  been  a  contributing  factor  and 
was  due  in  part  to  insufficient  ground  isolation.  This  reduc¬ 
tion  in  resolution  could  be  compensated  for  by  increasing  the 
total  flight  distance.  Such  an  improvement  in  timing  resolu¬ 
tion  would  probably  be  needed  if  identification  of  lower 
mass  species  by  backscattering  were  attempted  using  the  cur¬ 
rent  setup. 

We  have  demonstrated  the  application  of  particle  tele¬ 
scope  technology  to  the  medium  energy  backscattering  mea¬ 
surement  of  a  gold  monolayer  on  silicon  and  the  forward 
scattering  measurement  of  hydrogen  in  thin  films.  Compari¬ 
sons  of  TOF  to  PIPS  detector  efficiency  for  H  and  He  agree 
with  theoretical  estimates  of  the  probability  for  generating  a 
start  event  based  on  microchannel  plate  efficiency  and  sec¬ 
ondary  electron  emission.  Because  of  limitations  in  timing, 
the  telescope  is  not  particularly  well  suited  for  measurements 
requiring  good  depth  resolution,  such  as  the  determination  of 
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FIG.  5.  TOF  spectra  for  275  keV  on  the  self>supporting  carbon  foil 
subject  to  (a)  no  energy  gating,  (b)  20  keV  upper  level,  and  (c)  125  keV 
lower  level  energy  thresholds.  In  (d)  a  105  keV  H"**  was  used  to  produce 
scatters  with  the  same  energy  as  the  ions  in  (c).  The  charge  deposited  was  6 
fiC  for  (a)  and  (b),  48  for  (c),  and  2  fiC  for  (d). 

film  thickness.  The  advantage  of  this  technique  over  TOF  or 
energy  measurements  alone  is  in  the  sensitive  detection  of 
low  levels  of  surface  contaminants.  Selective  screening  of 
TOF  events  by  particle  energy  reduces  random  coincidence 
background  by  roughly  two  orders  of  magnitude  compared 
with  a  two  microchannel  plate  setup,  while  eliminating  con¬ 
tributions  from  low  eneigy  noise  and  pulse  pileup  from  the 
surface  barrier  detector.  Further  optimization  of  geometric 
solid  angle,  flight  path,  and  PIPS  detector  active  area  will  be 
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necessary  to  produce  a  design  capable  of  competing  with  the 
current  state  of  the  art  in  trace  element  detection. 
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Abstract 

We  have  constructed  a  first-order  model  of  the  intrinsic  efficiency  of  a  time-of-flight  spectrometer  for  medium  energy 
ions.  The  spectrometer  uses  secondary  electrons  from  a  thin  carbon  foil  to  generate  a  start  signal  and  ion  impact  on  a 
microchannel  plate  to  generate  the  stop  signal.  The  model  includes  the  effects  of  the  secondary  electron  yield,  multiple 
scattering  in  the  foil,  and  the  response  of  the  individual  microchannel  plates  which  comprise  the  instrument.  We  describe  the 
model  and  the  variation  of  the  predicted  efficiency  with  model  parameters.  Comparisons  with  measured  efficiencies  for 
several  ions  and  energies  ranging  from  40  keV  H  to  500  keV  O  indicate  that  the  raoders  predictive  power  is  satisfactory  for 
interpreting  the  results  of  routine  surface  analyses. 


1.  Introduction 

Time-of-flight  spectrometers  are  important  tools  for  ion 
beam  analysis  of  surfaces  because  they  share  many  of  the 
features,  such  as  wide  dynamic  range  and  an  insensitivity 
to  a  particle’s  charge  state,  which  have  made  silicon 
surface  barrier  detectors  uniquely  effective  for  charged- 
particle  spectrometry  at  tandem  accelerator  energies.  At 
particle  energies  of  tens  to  hundreds  of  keV,  where  surface 
barrier  detectors  are  less  useful,  especially  for  heavy  ions, 
time-of-flight  spectrometers  are  the  tools  of  choice  for 
routine  thin  film  analysis  [1,2].  However,  unlike  surface 
barrier  detectors  which  are  usually  assumed  to  have  unit 
intrinsic  efficiency,  time-of-flight  spectrometers  have  an 
energy-dependent  efficiency  which  is  typically  consider¬ 
ably  less  than  one. 

In  a  previous  publication,  we  examined  the  implications 
of  the  efficiency  of  a  spectrometer  for  the  shape  of  mea¬ 
sured  spectra  and  the  amount  of  random  coincidence  back¬ 
ground  which  these  spectra  contain  [3].  We  also  suggested 
that  the  principal  physical  processes  which  limit  a  spec¬ 
trometer’s  efficiency  are  secondary  electron  emission  and 
multiple  scattering  in  the  start-foil  assembly.  In  a  subse¬ 
quent  publication,  we  presented  measurements  of  the  in¬ 
trinsic  efficiency  of  two  similar  time-of-flight  spectrome¬ 
ters  and  compared  the  data  with  preliminary  calculations 
based  on  the  effects  of  these  processes  [4].  In  this  publica- 


*  Corresponding  author. 


tion,  we  present  a  further  elaboration  of  the  efficiency 
model  which  includes  a  component  describing  the  stop 
detector.  While,  in  principle,  this  model  has  no  adjustable 
parameters,  in  most  cases  the  actual  values  of  the  variables 
are  not  known  precisely.  Thus,  we  explore  the  variation  of 
the  predicted  efficiency  with  changes  in  these  parameters. 
As  we  shall  see,  it  is  possible  to  obtain  quite  reasonable 
agreement  with  the  results  of  experiments  for  a  set  of 
values  of  the  parameters  all  of  which  are  plausible,  if  not 
necessarily  equal  to  a  priori  estimates.  Indeed,  our  earlier 
speculation  that  it  may  be  possible  to  obtain  adequate 
estimates  of  efficiencies  for  various  ions  and  energies 
using  only  one  parameter  to  characterize  a  spectrometer 
continues  to  be  a  useful  approximation.  In  its  present  form, 
this  model  is  a  useful  tool  both  for  summarizing  and 
extrapolating  the  results  of  experimental  calibrations  and 
for  evaluating  the  performance  of  hypothetical  spectrome¬ 
ter  designs. 


2.  The  efficiency  model 

Fig.  1  shows  a  schematic  of  the  spectrometer  configura¬ 
tion  to  which  the  following  considerations  apply.  Start 
pulses  are  produced  when  secondary  electrons  emitted 
from  an  electrically  biased  carbon  foil  mounted  on  the 
middle  of  three  identical  95%  transmission  Ni  meshes 
strike  a  microchannel  plate  detector  (Galileo  FTD-2003). 
The  electron  trajectories  make  an  angle  of  30®  with  respect 
to  the  spectrometer  axis.  The  two  outer  meshes  serve  to 
define  the  electric  field  surrounding  the  foil.  Stop  pulses 
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Fig.  1.  Schematic  of  the  timc-of-flight  spectrometer  and  external 
electronics  consisting  of  constant  fraction  discriminators,  time*to* 
amplitude  converter  and  a  multichannel  analyzer. 


are  generated  when  particles  impinge  directly  on  the  cath¬ 
ode  of  a  second  microchannel  plate  detector  approximately 
40  cm  from  the  start  assembly.  A  mesh  serves  to  limit  the 
electric  field  here  also.  The  solid-angle-defining  aperture  is 
at  the  entrance  to  the  spectrometer  several  cm  up-stream  of 
the  start  foil  assembly.  The  stop  detector  is  biased  with  its 
anode  at  ground  potential  while  the  start  detector  is  config¬ 
ured  with  grounded  cathode  (or  with  cathode  at  about 
—  700  V  on  older  systems).  The  external  electronics  are 
also  shown  in  Fig.  1  although,  in  the  present  version  of  the 
model,  their  effects  through  parameters  such  as  thresholds 
are  not  explicitly  considered. 

The  intrinsic  (or  quantum)  efficiency  of  the  spectrome¬ 
ter  is  defined  as  the  probability  that  an  individual  particle 
entering  along  the  instrument’s  nominal  axis  will  lead  to 
the  generation  of  a  valid  event.  The  factors  which  deter¬ 
mine  this  efficiency  are  the  secondary  electron  yield  of  the 
start  foil,  the  probability  that  electrons  reach  the  start 
detector,  the  start  detector’s  efficiency  for  electrons,  small 
angle  multiple  scattering  in  the  start  foil  (which  causes 
some  particles  to  miss  the  stop  detector),  the  efficiency  of 
the  stop  detector  for  ions,  and  finally  the  collective  trans¬ 
mission  of  the  various  meshes  which  are  used  to  control 
electric  fields.  External  influences  such  as  stray  magnetic 
fields  are  not  considered  explicitly. 

Measurements  of  the  secondary  electron  yield  as  ions 
exit  from  thin  carbon  foils  have  been  reported  by  Rothard 
et  al.  [5].  They  report  a  secondary  electron  yield  per 
incident  ion  of  =  ASqj  where  Sq  is  the  electronic 
stopping  power  in  eV/A  and  A  is  a  proportionality  con¬ 
stant  which  has  the  values  0.22  A/eV,  0.15  A/eV,  and 
0.11  A/eV,  respectively  for  protons,  He  ions  and  heavy 
ions.  Since  secondary  electrons  are  accelerated  to  a  con¬ 
stant  energy  of  about  400  eV  by  the  bias  on  the  foil,  it  is 
only  necessary  to  know  a  single  number  for  all  ions  and 
energies  to  properly  characterize  the  probability  of  generat¬ 
ing  a  start  pulse.  The  probability  that  a  single  secondary 
electron  generates  a  start  pulse  shall  be  denoted  by  A. 
Then,  assuming  that  the  electrons  behave  independently, 
the  probability  that  a  start  pulse  is  generated  when  an  ion 
passes  through  the  start  foil  complex  is  1  - 


Fraser  has  published  a  study  which  indicates  that  the 
detection  efficiency  of  microchannel  plates  for  few-hundred 
eV  electrons  approaches  (or  may  even  slightly  exceed)  the 
fractional  open  area  of  the  plates  (6],  From  the  manufac¬ 
turer’s  literature,  the  open  area  of  our  plates  is  about  55%. 
By  rotating  the  start  foil  assembly  while  the  spectrometer 
is  operating,  we  have  observed  that  the  size  of  the  electron 
spot  on  the  microchannel  plate  is  much  smaller  than  the 
total  sensitive  area.  Thus,  electron  loss  should  be  small 
except  for  the  collisions  with  the  mesh  which  defines  the 
accelerating  field.  We  conclude  that  a  value  of  0.5  is  a 
reasonable  initial  estimate  for  the  parameter  A. 

The  carbon  foils  used  in  our  spectrometers  are  in  the 
range  2-3  |xg/cm^  or,  using  the  density  for  carbon  of  2 
g/cm^  suggested  by  the  manufacturer,  about  10-15  nm 
thick.  This  is  sufficiently  thick  that  a  very  significant 
fraction  of  the  particles  are  scattered  by  angles  larger  than 
the  approximately  2®  cone  angle  subtended  by  the  stop 
detector.  In  order  to  quantify  the  contribution  of  multiple 
scattering,  Mendenhall  and  Weller  [7]  have  developed  a  set 
of  algorithms  based  on  the  fast  Fourier  transform  for 
computing  the  multiple  scattering  angular  distribution  for 
arbitrary  scattering  cross  sections.  The  results  of  these 
calculations  agree  to  high  accuracy  with  the  published 
tables  of  Sigmund  and  Winterbon  [8]  and  with  Monte 
Carlo  simulations  based  on  the  TRIM  algorithm  [9]  when 
the  same  screening  functions  are  used.  The  procedure 
described  in  Ref.  [7]  has  been  used  to  compute  the  fraction 
of  particles  which  fall  within  a  2®  cone  after  passage 
through  a  carbon  foil.  This  function,  an  implicit  fonction 
of  particle  species  and  energy  and  foil  thickness,  is  de¬ 
noted  simply  as  /. 

The  efficiency  of  the  stop  detector  for  ions  has  been  the 
most  difficult  component  of  this  problem  to  quantify  with 
confidence.  Fraser  [6]  assumed  that  a  microchannel  plate 
produces  a  pulse  if  there  is  at  least  one  secondary  electron 
produced  within  a  microchannel  by  one  of  the  primary 
electrons  generated  by  ion  impact.  The  probability  that  an 
ion  strikes  the  plate  in  one  of  the  channels  was  taken 
simply  as  the  fractional  open  area  A  of  the  microchannel 
plate.  Poisson  statistics  was  assumed  to  govern  the  emis¬ 
sion  of  secondary  electrons  both  by  the  primary  ions  and 
by  the  electrons  themselves.  The  use  of  Poisson  statistics  is 
certainly  not  rigorously  correct,  but  as  an  approximation  it 
is  reasonable.  The  assumption  that  the  outcome  of  an 
avalanche  is  determined  exclusively  by  the  first  generation 
of  electrons  is  not  very  accurate  either  if  the  secondary 
electron  yield  of  the  microchannel  is  too  small.  Below,  we 
present  expressions  based  upon  Fraser’s  assumption  and  a 
generali2^tion  which  includes  additional  generations  of 
multiplication. 

We  denote  the  number  of  secondary  electrons  gener¬ 
ated  by  ion  impact  within  a  channel  by  y  and  assume,  as 
with  the  carbon  foil,  that  y  is  proportional  to  the  electronic 
stopping  power.  For  computing  the  stopping  power,  we 
assume  that  the  surface  of  the  detector  is  8102, 
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reduced,  lead-silicate  glass  used  to  make  microchannei 
plates  has  been  observed  to  have  a  silica-rich  surface  layer 
[10].  (Of  course,  in  some  cases  ions  will  impinge  directly 
on  the  top-surface  electrode  which  is  metallic.)  The  con¬ 
stant  of  proportionality  relating  y  and  the  stopping  power 
is  not  well  known  in  this  case.  Rajopadhyc  et  al,  and 
others  [11]  have  published  data  on  secondary  electron 
emission  induced  by  normal-incidence  electron  impact  on 
Pb  glass  like  that  which  is  used  in  microchannei  plates. 
However,  in  practice,  particle  impacts  occur  at  grazing 
angles.  Moreover,  the  relative  secondary  electron  yields  of 
protons  and  electrons  under  similar  conditions  have  not 
been  extensively  studied  [12]  so  that  extrapolating  the  data 
of  Ref.  [11]  to  ions  is  problematic.  Initially,  y  was  com¬ 
puted  using  the  procedure  suggested  by  Rothard  et.al.  [5] 
for  estimating  ion-induced  secondary  electron  yields  from 
a  generic  metallic  surface. 

The  number  of  electrons  emitted  by  each  electron 
impact  with  the  walls  of  a  microchannei  will  be  taken  to 
be  %.  Physical  considerations  suggest  that  the  value  of  % 
must  lie  in  a  relatively  narrow  range.  If  the  average  value 
of  %  were  less  than  or  equal  to  1,  amplification  would  not 
take  place.  On  the  other  hand,  the  data  of  Rajopadhye  et 
al.  [11]  indicate  that  the  maximum  normal  incidence  yield 
is  approximately  2.5.  Thus,  even  allowing  for  some  varia¬ 
tion  with  the  angle  of  electron  impact,  y^  is  not  expected 
to  be  large.  The  probability  that  an  ion-generated  sec¬ 
ondary  electron  fails  to  initiate  an  avalanche  is  Using 
Fraser’s  criterion  that  the  first  stage  of  amplification  deter¬ 
mines  the  outcome  of  a  pulse,  we  obtain  an  expression  for 
the  microchannei  plate’s  intrinsic  efficiency  for  ions: 

(1) 

If  y^  is  sufficiently  large,  say  greater  than  3,  as  it  usually  is 
in  discrete  dynode  electron  multipliers,  Eq.  (1)  is  a  reason¬ 
able  approximation.  However,  if  %  is  smaller,  then  an 
avalanche  can  fail  at  a  later  stage.  The  generalization  of 
Eq.  (1)  which  includes  the  possibility  of  failure  later  in  the 
avalanche  includes  a  continued  exponent.  Using  this  more 
general  form  and  representing  the  transmission  of  the 
spectrometer  attributable  to  meshes  as  T,  the  complete 
expression  for  the  efficiency  of  the  spectrometer  is: 

7,=Ar/(l  -e-*^^c)(i  ”)).  (2) 

Since  A  «  0.6  and  there  are  three  95%  transmission  meshes 
in  the  start  assembly  as  well  as  one  at  the  stop  detector 
( =5  90%),  a  value  in  the  range  0.4— 0.5  is  a  reasonable 
expectation  for  the  product  AT. 

3«  Discussion 

Because  of  the  uncertainty  in  computing  y,  in  practice 
wc  have  written  the  exponent  in  the  final  term  of  Eq.  (2)  in 
the  form: 

y(l_e-r.(-))sg/l„SMCP-  (3) 


Here  electronic  stopping  power  of  the  ion  at 

the  surface  of  the  microchannei  plate  and  is  a  normal¬ 
ized  species-dependent  factor  analogous  to  A  above.  In  the 
absence  of  data,  the  values  of  were  taken  to  be  those 
suggested  by  Rothard  et  al.  in  Eq.  (14)  of  Ref.  [5]:  1.0,  0.6, 
and  0.3  for  H,  He  and  heavy  ions,  respectively.  The 
parameter  g  is  determined,  in  principle,  both  by  the  elec¬ 
tron  multiplication  term  in  parenthesis  on  the  left  side  of 
Eq.  (3)  and  by  the  secondary  electron  yield  of  the  mi¬ 
crochannei  plate  though,  in  practice,  it  is  adjustable.  With 
the  definition  given  in  Eq.  (3),  has  three  other  parame¬ 
ters  which  may  also  be  considered  to  be  adjustable  within 
limits:  the  product  AT,  the  foil  thickness,  which  affects  /, 
and  the  probability  A.  In  Ref.  [3],  we  examined  the  effects 
of  multiple  scattering  and  the  start  detector  response  on  17. 
Using  the  nominal  foil  thicknesses  specified  by  the  manu¬ 
facturer  and  assuming  a  value  of  0.3  for  A,  we  found  that  it 
was  possible  to  predict  within  10-20%  (but  with  system¬ 
atic  errors)  the  efficiencies  of  two  similar  spectrometers, 
one  used  for  backscattering  and  the  other  for  forward 
recoil  studies.  The  most  significant  success  of  that  effort 
was  the  prediction  that  the  efficiency  for  detecting  hydro¬ 
gen  should  peak  in  the  energy  range  which  we  examined 
experimentally.  This  work  led  us  to  the  conjecture  that  it 
might  be  possible  to  characterize  a  spectrometer  approxi¬ 
mately  by  specifying  the  product  AT  alone.  The  system¬ 
atic  differences  between  the  predicted  variation  of  effi¬ 
ciency  with  energy  and  the  data  were  attributed  to  our 
decision  to  assume  that  the  stop  detector’s  response  was 
independent  of  the  particle’s  energy. 

With  the  inclusion  of  a  model  for  the  stop  detector,  it 
was  reasonable  to  search  in  the  space  of  the  above  parame¬ 
ters  for  a  best  fit  to  the  data.  This  effort  was  only  marginally 
successful,  however,  because  the  parameters  are  not  com¬ 
pletely  independent.  Indeed,  for  small  A  and  g,  17  depends 
only  on  the  product  ATXg.  Increasing  foil  thickness  also 
has  the  same  general  effect  on  ij  as  decreasing  A.  We 
found  that  it  was  not  possible  to  obtain  high  quality  fits  for 
ail  data  using  the  a  priori  values  of  A  measured  by 
Rothard  et  al.  [5].  However,  the  adjustments  which  were 
necessary  were  modest,  being  typically  in  the  10-20% 
range,  and  were  consistent  with  experimental  uncertainties 
in  the  data  and  the  computation  of  stopping  powers  [13]. 
Wc  also  added  a  A  value  for  Li  which  was  determined 
from  the  data  to  be  intermediate  between  those  for  He  and 
heavy  ions.  The  values  which  we  have  used  for  A  in  the 
computations  below  are  0.26,  0.22,  0,14,  and  0.10  for  H, 
He,  Li,  and  heavy  ions,  respectively.  The  value  0.17  has 
been  used  for  A. 

The  most  surprising  result  from  the  nonlinear  fitting 
was  that  foil  thicknesses  of  3.6  ji.g/cm^  and  4  p.g/cm^, 
respectively,  for  the  150®  and  42®  spectrometers  were 
needed  in  order  to  achieve  the  best  agreement  with  the 
data.  These  are  about  25%  larger  than  the  nominal  thick¬ 
nesses  (even*  allowing  for  the  30®  tilt  of  the  foil)  and 
significantly  outside  the  tolerances  specified  by  the  manu- 
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Fig.  2.  Comparison  of  computed  and  measured  efficiencies  rj  of 
backscattering  spectrometer  for  He  (circles),  Li  (squares)  and  0 
(triangles). 


facturer.  We  do  not  know,  at  this  time,  if  this  is  an  artifact 
of  the  poor  orthogonality  of  the  parameters  or  if  the  foils 
are  actually  unexpectedly  thick. 

Fig.  2  is  a  composite  showing  a  comparison  between 
computed  values  of  rj  (smooth  curves)  and  the  measured 
efficiencies  of  our  backscattering  (150®)  spectrometer  for 
He,  Li,  and  O.  Error  bars  (estimated  to  be  approximately 
10%  [4])  have  been  omitted  from  the  graph  for  clarity.  The 
value  of  AT  is  0,24.  The  curves  in  Fig.  2  were  computed 
with  g  =  0.05  X  10  ^^/(eV  cm^).  Corrections  for  the  en¬ 
ergy  loss  is  the  start  foil,  both  to  the  energy  axis  itself  and 
to  the  multiple-scattering  factor,  have  been  investigated 
and,  for  these  ions  and  energies,  found  to  be  negligible  on 
the  scale  shown.  The  results  of  a  comparison  between  the 
computed  and  measured  efficiencies  of  our  elastic  recoil 
(42°)  spectrometer  for  H  and  C  arc  shown  in  Fig.  3,  where 
an  AT  value  of  0.56  was  used  but  all  other  parameters 
were  held  constant. 

The  difference  in  normalization  between  Figs.  2  and  3 
is  attributable  to  the  differences  between  the  gains  of  the 
microchannel  plates  in  the  two  spectrometers.  In  practice, 
valid  low  amplitude  pulses  may  be  below  discriminator 


Fig.  3.  Comparison  of  computed  and  measured  efficiencies  rj  of 
forward  recoil  spectrometer  for  H  (circles)  and  C  (triangles). 


thresholds  and  therefore  lost.  This  should  have  the  same 
effect  as  changing  A  and  g.  Thus,  although  the  one- 
parameter  approximation  used  in  Figs.  2  and  3  is  surpris¬ 
ingly  robust,  the  relatively  poor  agreement  obtained  for 
oxygen  in  Fig.  2  demonstrates  that  for  highest  accuracy  it 
is  necessary  to  consider  at  least  the  relative  performance  of 
the  two  microchannel  plates.  Specifically,  there  is  no 
reason  to  expect  that  values  of  A  or  g  for  different  systems 
with  different  ages  and  histories  are  necessarily  equal. 

4.  Conclusion 

A  model  of  time-of-flight  spectrometer  intrinsic  effi¬ 
ciency  encompassing  the  effects  of  secondary  electron 
emission  and  multiple  scattering  in  the  start  foil,  along 
with  the  efficiency  of  the  stop  detector  for  ions  has  been 
shown  to  be  successful  in  representing  measured  data  for 
ions  ranging  from  approximately  40  keV  H  to  500  keV  0. 
It  should  be  an  especially  useful  tool  for  the  analysis  of 
medium-energy,  time-of-flight  spectra  of  both  backscat- 
tered  and  forward-recoiled  ions.  It  affords  reasonable  accu¬ 
racy  using  a  priori  values  for  its  parameters  and,  with  fitted 
values  of  these  parameters,  appears  to  be  at  least  as 
accurate  as  other  computed  quantities  such  as  cross  sec¬ 
tions  and  stopping  powers  which  are  used  in  the  analysis 
of  experiments. 
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Small-angle  multiple  scattering  is  a  venerable  problem  in  nuclear  and  particle-solid  interaction  physics  and  has  received 
extensive  theoretical  treatment.  In  this  paper,  motivated  by  the  need  to  establish  the  efficiency  of  time-of- flight  spectrometers 
which  employ  thin  foils  to  generate  “start”  signals,  we  revisit  this  problem.  Our  objective  is  to  develop  an  efficient,  general 
computational  procedure  which  is  not  tied  to  the  current  state  of  computing  machinery  or  specific  cross  sections,  but  which  takes 
advantage  of  significant  numerical-algorithmic  advances  which  have  occurred  since  the  multiple-scattering  problem  was  originally 
formulated.  By  introducing  a  new  approach  for  dealing  with  the  azimuthal  symmetry  of  the  problem,  we  avoid  Hankel  transforms 
which  have  been  used  in  all  previous  treatments  and,  in  so  doing,  make  it  possible  to  apply  the  fast  Fourier  transform  algorithm  in 
one  dimension.  The  resulting  computation  can  be  carried  out  to  arbitrary  accuracy  with  sufficiently  dense  sampling  of  the  cross 
section  and  is  very  fast  when  compared  with  numerically  computed  Hankel  transforms.  Angular  distributions  for  several  scattering 
potentials  and  a  compound  target  are  compared. 


1.  Introduction 

To  apply  time-of-flight  spectrometry  to  surface 
analysis  using  a  continuous  beam  accelerator,  you  must 
devise  a  scheme  to  determine  when  a  individual  scat¬ 
tered  ion  or  neutral  particle  enters  and  leaves  a  drift 
region  with  a  known  length  [1].  It  is  easy  to  establish 
when  a  particle  completes  the  course,  since  it  may  be 
intercepted  by  any  one  of  a  number  of  styles  of  particle 
detectors.  However,  establishing  the  time  that  the  par¬ 
ticle  enters  the  measured  course  is  another  matter, 
since  this  determination  must  be  made  with  minimal 
perturbation  of  the  particle’s  speed  and  trajectory.  The 
most  widely  adopted  scheme  has  been  to  place  a  thin, 
self-supporting  carbon  foil  in  the  particle’s  path  and  to 
detect  bursts  of  secondary  electrons  that  accompany  its 
passage  through  the  foil.  The  disadvantage  of  this 
technique  is  that  small-angle  multiple  scattering  in  the 
carbon  foil  can  alter  the  trajectory  of  the  ion  suffi¬ 
ciently  that  it  misses  the  second  detector  at  the  end  of 
the  drift  space  and  so  does  not  produce  a  measurable 
event.  Thus,  multiple  scattering  is  one  of  the  physical 
processes  which,  along  with  secondary  electron  emis¬ 
sion  and  the  intrinsic  responses  of  the  detectors  which 
comprise  the  spectrometer,  determines  the  overall 
spectrometer  efficiency  [2]. 
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The  general  procedure  for  computing  small  angle 
multiple  scattering  was  developed  several  decades  ago, 
has  been  reviewed  thoroughly  [3],  and  revisited  by 
several  authors  subsequently  as  computing  technology 
and  the  quality  of  scattering  cross  sections  has  ad¬ 
vanced  [4-6].  Moreover,  the  results  of  multiple-scatter¬ 
ing  computations  continue  to  be  of  interest  for  practi¬ 
cal  experimental  work  [7],  additional  theoretical  devel¬ 
opment  [8],  and  continuing  experimental  verification 

[9] .  We  will  confine  our  attention  to  the  simplification 
of  the  general  problem  in  which  angles  can  be  assumed 
to  be  small  in  the  sense  that  sin(0) »  d.  Also,  we  adopt 
the  assumptions,  including  the  neglect  of  energy  loss, 
binary  collisions  and  a  random  scattering  medium, 
which  have  been  summarized  by  Sigmund  and  Wintcr- 
bon  [6].  In  this  approximation,  the  angular  distribution 
of  particles  as  a  function  of  depth  of  penetration  into 
the  solid  is  described  by  a  transport  equation  which 
involves  a  convolution.  This  equation  is  solved,  in  turn, 
by  integral  transforms  using  the  convolution  theorem. 
The  desired  distribution  is  recovered  by  inversion  of 
the  integral  transform.  The  cylindrical  symmetry  of  the 
problem  at  once  suggests  the  use  of  Hankel  transforms 

[10]  and,  so  far  as  our  research  reveals,  this  has  been 
the  approach  which  has  been  used  universally  in  the 
literature.  The  results  are  theoretically  appealing,  con¬ 
cise  and  are  nicely  connected  with  the  large-angle 
version  of  the  problem  through  mathematical  relation¬ 
ships  between  special  functions  [11].  However,  Hankci 
transforms  are  cumbersome  to  compute  numerically. 
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This  is  not  the  case  for  Fourier  transforms.  With 
the  widespread  dissemination  of  the  fast  Fourier  trans¬ 
form  (FFT)  algorithm  in  the  mid  1960s,  it  became 
possible  to  compute  the  transform  of  very  large  arrays 
of  numbers,  even  in  multiple  dimensions,  in  an  accept¬ 
able  amount  of  time  [12].  Contemporary  with  this  de¬ 
velopment,  and  also  important  for  the  present  applica¬ 
tion,  were  the  introduction  of  adaptive  quadratures 
(such  as  ref.  [13])  which,  by  intelligent  selection  of 
sample  points,  were  able  to  generate  high  quality  nu¬ 
merical  integrals  very  efficiently. 

It  is  possible  to  attack  the  multiple  scattering  prob¬ 
lem  by  brute  force  using  a  two-dimensional  FFT.  How¬ 
ever,  by  using  the  axial  symmetry  about  the  beam 
direction,  the  problem  can  be  reduced  to  a  one-dimen- 
sional  FFT  of  a  set  of  points  each  one  of  which  is 
obtained  by  numerical  integration  of  a  very  smooth 
function.  This  is  the  approach  taken  in  this  paper.  We 
begin  with  a  brief  restatement  of  the  theory  which  is 
applicable  to  our  problem,  emphasizing  the  novel  ap¬ 
proach  which  we  have  taken  to  reduce  the  dimension¬ 
ality  from  two  to  one.  A  subsequent  section  deals  with 
the  numerical  details  of  the  computation.  Finally,  we 
present  some  sample  calculations  for  the  cases  of  the 
Rutherford,  the  Lenz-Jensen  [14],  and  the  Ziegler- 
Biersack-Littmark  “universal”  [15]  scattering  cross 
sections.  The  algorithms  which  are  presented  here  are 
sufficiently  simple  and  general  that  they  can  be  easily 
adapted  to  other  cross  sections  as  well  as  to  routine 
multiple  scattering  computations  in  support  of  experi¬ 
ment  and  theory. 


2.  Theory 

The  quantity  of  interest  in  the  discussion  which 
follows  is  /(z,  dy\  the  probability  that  a  particle 
which  enters  a  foil  along  the  z  axis  will  be  scattered 
into  an  element  of  solid  angle  described  by  and  Oy 
after  penetrating  a  distance  z  into  the  foil.  It  is  possi¬ 
ble  to  describe  the  direction  of  the  scattered  particle 
by  orthogonal  displacements  (6^^,  0y)  in  a  plane  be¬ 
cause  of  the  small  angle  approximation.  The  change  in 
/  which  is  attributed  to  penetrating  from  z  to  z  +  d  z 
is  the  sum  of  the  probability  that  the  particle  is  scat¬ 
tered  into  the  specific  solid  angle  from  another  direc¬ 
tion,  less  the  probability  that  a  particle  is  already 
traveling  in  the  appropriate  direction  and  is  scattered 
to  any  other  direction.  The  total  cross  section  for 
scattering  is  denoted  by  while  the  number  density 
of  scattering  centers  is  N. 

f(Z  +  dZ,  e^,  ffy) 

=f(z,e^,0y)  +N  dzj’<r(©)/(z,ij,,Tjy)  di7,  drjy 

-Ncr,,J{z,d,,ey)dz,  (1) 


where  6  =  [(0^  +  (Oy  - 17,)^]'/^  and  o-(0)  is  the 

laboratory-frame,  differential  scattering  cross  section. 
The  Fourier  transform  of  this  equation  with  respect  to 
0^  and  0y  is: 

f{z  +  dz,  <Oy)  =f(z,  <Oy) 

+  N  dza{a^,  <Oy)f(z,  <0^,  a}y) 

-N(T^J(z,oi^,a)y)dz,  (2) 

where: 


oiy)  *  j  Jcr{0^,  0y)  d0^  d0y, 

(3) 

and  similarly  for  /(z,  ojy),  and  where  we  have 
invoked  the  convolution  theorem  to  express  the  trans¬ 
form  of  the  term  representing  atoms  scattered  into  the 
solid  angle  of  interest  as  the  product  of  the  /  and  of  a. 
In  the  limit  of  small  dz,  this  becomes  a  differential 
equation  for  the  Fourier  transform  / 


3/(z.  cOy) 
dz 


=  N((f(<o^,  o)y)f(z,  0)^,  a)y) 


w,,  tOy)).  (4) 

This  is  an  elementary  equation  with  solution: 

/(z,  <■>,,  &>^)-exp[A/  z(tr(6)^,  Wy)-o-,o,)],  (5) 

where  we  assume  that  f(0,  0^,  0y)- d{0^)8(,0y)  is  a 
two-dimensional  Dirac  delta  function  whose  transform 
is,  of  course,  unity  throughout  the  reciprocal  space. 
The  angular  distribution  is  obtained  from  Eq.  (5)  by 
the  inverse  transform: 


/(z,  dy) 
(2Tr) 


dct)^  dojy. 


(6) 


Since  the  cross  section  o-  is  cylindricaily  symmetrical, 
previous  authors  have  reduced  the  two-dimensional 
Fourier  transforms  given  in  Eqs.  (3)  and  (6)  to  one-di¬ 
mensional  Hankel  transforms  involving  the  Bessel 
function  /q.  It  is  at  this  point  that  our  treatment  of  the 
problem  diverges  from  previous  ones.  If  a  function  is 
cylindricaily  symmetrical  in  space,  then  its  Fourier 
transform  is  cylindricaily  symmetrical  in  reciprocal 
space.  Note  that  for  a  cylindricaily  symmetric  function, 
where  gix,  y)- g((x^ g(jc,  0)  completely 
characterizes  the  function.  Similarly,  (Oy)  is  com¬ 
pletely  determined  by  (7(0;^,  0)  and  /{z,  0y)  by 

/(z,  0^,  0).  From  the  definition  of  the  Fourier  trans¬ 
form 
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we  see  that  for  tHy  =»  0, 

<?(«,,  0)  -  //o-(©)  e-*-'**  A0y 

=  (8) 

Since  cr(0)  =  ),  one  can  define  a  new  func¬ 

tion 

s(e)  =  f<r{^e^W}  dv  (9) 

such  that  0)  s  s((o)  is  computed  by  a  one-dimen¬ 
sional  Fourier  transform  of  In  the  same  way, 
returning  to  Eq.  (5),  we  can  then  write  for  the  angular 
distribution: 

/(z,  £0,,  a>y)  =|(z,  /a>2  +  oj)=i(z,  <o) 

~exp(N-z(I(<o)-<r,^,)).  (10) 

Now,  in  analogy  to  Eq.  (9),  this  function  can  be  inte¬ 
grated  to  allow  inversion  with  a  one-dimensional  trans¬ 
form.  Define  y  to  be  the  integral: 

y(z,<o)a  J|(r, +  d7).  (11) 

The  angular  distribution  of  scattered  particles  follows 
immediately  as  the  inverse  Fourier  transform  of  y: 

(2it)  ■' 

Alternatively,  it  may  be  desirable  in  some  circum¬ 
stances  to  simply  generate  a  rectangular  array  in  recip¬ 
rocal  space  using: 

/(z,  «>,,  ft>y)  -exp|N  z(f(yw2  +  a>5)  -£r,o,)j  (13) 

and  do  a  two-dimensional  FFT,  thus  saving  the  effort 
expended  on  the  quadratures.  The  complete  solution 
for  /(z,  0)  consists  of  computing  in  order  s($X  sM, 
g(z,  a>),  y(z,  o)),  and  finally  /(z,  e\  or,  instead,  apply¬ 
ing  the  two-dimensional  inverse  FFT  to  Eq.  (13).  Note 
that  for  varying  film  thicknesses,  the  form  factor  s(<o) 
docs  not  need  to  be  re-computed. 

An  important  point  which  needs  to  be  considered  in 
the  above  calculation  concerns  the  existence  of 
the  total  scattering  cross  section.  Classically,  a  poten¬ 
tial  which  extends  to  infinity,  such  as  those  usually 
used  in  ion  scattering  computations,  implies  a  total 
cross  section  which  is  also  infinite.  Consequently, 
the  above  equations  must  be  interpreted  carefully.  Of 
course,  one  way  to  deal  with  the  apparent  difficulty 
would  be  to  simply  truncate  the  interaction  at  some 
radius  beyond  which  it  is  non-physical  anyway.  It  turns 
out,  however,  that  the  divergence  is  not  important,  as 
we  shall  now  demonstrate  in  two  different  ways,  by 


examining  first  the  analytical  transforms  and  then  the 
sampled  transforms. 

Consider  the  quantity  (OyX  Since 

only  occurs  in  this  form,  it  is  sufficient  to  show  that  this 
difference  is  always  finite.  For  simplicity  we  shall  de¬ 
note  the  latter  term  using  vector  notation  as  dicj). 
Then  we  can  write: 

^tot  ^  /^(  I ^  I)  •  (1  -  exp(  -i  •  •  6))  d^d. 

(14) 

The  total  cross  section  diverges  because  <r(|d|) 
diverges  at  the  origin.  However,  near  1 0 1  =  0  -  0,  the 
complete  integrand  of  Eq.  (14)  varies  as  j7T(o^(t{6)  ♦  0^. 
Thus,  the  Rutherford  cross  section,  which  diverges  as 
for  small  6,  does,  indeed,  lead  to  a  logarithmically 
divergent  value  for  -  dioj).  However,  screened  po¬ 
tentials  which  are  used  for  ion-solid  computations  are 
much  softer  and  yield  cross  sections  correspondingly 
less  singular.  Since  a  singularity  in  a  of  order  less  than 
4  is  integrable,  the  quantity  -  aicj)  is  finite  for  all 
practical  cross  sections.  Now  let  us  examine  the  case  in 
which  we  are  using  a  discretely  sampled  function,  which 
changes  the  nature  of  the  problem  at  the  origin. 

Consider  the  function  s(9)  from  Eq.  (9)  which  is  to 
be  sampled  to  compute  the  form  factor,  s(io).  For  most 
potentials,  s(0)  will  be  infinite.  However,  instead  of 
using  5(0),  one  can  substitute  an  adjusted  value  using, 
for  example,  5(A^/2),  where  Ad  is  the  sampling  grid 
size  in  $.  This  amounts  to  adjusting  the  single  sampled 
point  at  the  origin  by  an  unknown  amount.  However,  if 
the  sampled  function  is  adjusted  at  only  one  point,  it 
amounts  to  creating  a  new  function  5'(0)  =  s{0)  +  fl8(^) 
where  8(0)  is  the  Kronecker  8  function  and  a  is  a 
(probably  infinite)  constant.  Since  the  Fourier  trans¬ 
form  is  linear,  and  the  transform  of  a  8(0)  is  just  a, 
this  adds  a  to  all  components  of  s((o\  However,  if 
is  computed  by  summing  over  the  sampled  values  of 
5(0),  this  also  adds  a  to  so  when  Eq.  (10)  is 
evaluated,  a  cancels  out  exactly.  Thus,  any  reasonable 
choice  for  5(0)  makes  no  difference  to  the  calculation 
and  either  setting  it  to  0  or  to  the  value  suggested 
above  will  provide  the  correct  answer. 

The  steps  outlined  above  can  be  followed  relatively 
directly  in  order  to  generate  the  desired  angular  distri¬ 
butions  as  a  function  of  foil  thickness  or  of  the  dimen¬ 
sionless  parameter  r  =  N'Z,  In  the  following  section 
we  give  the  details  of  our  implementation. 


3.  Computation 

The  computation  of  distributions  as  outlined  above 
can  be  implemented  very  easily  by  taking  advantage  of 
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the  extremely  smooth  nature  of  the  functions  involved 
and  of  the  efficiency  with  which  functions  can  be 
evaluated  from  interpolation  tables.  First,  if  <r{d)  re¬ 
quires  significant  time  to  compute  (which  it  typically 
does),  it  is  convenient  to  tabulate  log(<7(e0)  at  uni¬ 
formly  spaced  values  of  t  corresponding  to  angles 
ranging  from  the  kinematically  allowed  maximum  angle 
down  to  some  very  small  angle,  typically  10  rad.  If  <t 
has  any  tendency  towards  power  law  behavior,  this 
tabulated  function  is  extremely  smooth,  and  only  about 
100  points  need  to  be  computed  to  provide  cubic 
interpolation  errors  below  10"'^  in  the  cross  section  at 
all  angles. 

Now,  since  aid)  is  singular  as  ^  --^O  and  the  inte¬ 
gral  in  Eq.  (9)  has  the  particular  form  that  it  does,  the 
computation  of  5(0)  can  be  greatly  simplified  by  the 
change  of  variable  77  =  ^  tan(f  )•  The  result  is  that  Eq. 
(9)  becomes: 


(15) 


where  =  arccos(0/0^ax^  ^max  is  the  maximum 
value  for  which  the  cross  section  cr  is  kinematically 
defined.  This  transforms  the  nearly  improper  integral 
in  which  most  of  the  value  comes  from  a  very  tiny 
region  near  the  origin  into  one  in  which  the  integration 
algorithm  samples  the  function  primarily  where  it  is 
large  and  avoids  expending  a  lot  of  computing  effort 
integrating  the  very  tiny  tails  of  the  integrand  near  the 
kinematic  limit  of  Q.  Using  this  integral  and  the  tabu¬ 
lated  a  value,  one  can  tabulate  log(5(e'))  in  exactly  the 
same  manner  as  <r,  since  s  needs  to  be  evaluated  on  a 
fairly  fine  grid  to  compute  sM,  Again,  about  100 
points  seems  to  suffice  in  the  tabulation.  Then,  using 
the  tabulated  value,  one  computes  s  at  typically  1024 
or  2048  points  for  6  ranging  out  to  about  5  times  the 
largest  angles  of  interest.  This  tabic  can  then  be  Fourier 
transformed  to  provide  Kta)  from  which  g(z,  m)  is 
calculated  for  any  film  thickness. 

To  compute  /(z,  9\  we  use  Eq.  (11)  and  a  modified 
form  of  the  change  of  variable  suggested  in  Eq.  (15), 
rj  =  ^jo)^  ‘  tan(<^),  to  obtain  the  following  result: 

y(z,  (o)  =  + 


X 


+  <«l/2  2 


d<#» 


cos^(<^) 


(16) 


where  ^^3,  =  arccos(((a)^  +  +  "1/2))^^^) 

above,  with  the  cutoff  set  to  the  highest  fre¬ 
quency  being  included  in  the  transform.  The  parameter 
is  the  estimated  half-width  of  g,  as  described 


below.  This  modified  change  of  variable  correctly  ac¬ 
counts  for  the  fact  that  g  is  not  singular  at  g>  =*  0,  as  is 
oris)  at  d  0,  and  reduces  to  the  previous  one  in  the 
limit  When  the  inverse  transform  is  com¬ 

puted  according  to  Eq.  (12),  the  result  is  /(z,  e\  the 
scattering  density  at  polar  angle  9  away  from  the  initial 
beam  direction. 

To  avoid  computing  many  unnecessary  values  of 
y(z,  <t})  (which  is  a  relatively  slow  process),  it  is  useful 
to  adaptively  determine  the  range  of  y(z,  a>)  which 
contains  real  information.  We  accomplish  this  by  nu¬ 
merically  measuring  the  half-height  point  of 

g(z,  (t))  from  Eq.  (10).  We  have  empirically  determined 
that  y(z,  (o)  is  typically  about  twice  as  wide  as  g(z,  w), 
so  by  sampling  y(z,  oj)  at  20  points,  ranging  from 
<i>  =  0  to  havc  included  frequency 

components  ranging  from  about  1/5  of  the  half-width 
of  the  actual  spectrum  to  about  four  half-widths.  This 
sampling  includes  essentially  all  the  information,  since 
the  spectrum  decreases  quite  quickly  with  increasing 
frequency.  However,  if  for  any  particular  application, 
the  result  is  not  sufficiently  accurate,  the  sampling 
density  can  always  be  increased.  The  inverse  Fourier 
transform  of  the  sampled  function  ffz,  w)  (with  zero 
padding  of  higher  frequency  values  out  to  typically  128 
points)  is  then  the  final  scattering  distribution  for  the 
foil  thickness  and  cross  section  chosen. 

We  have  implemented  the  above  algorithms  in  the 
form  of  a  Mathematical  [16]  package,  for  the  sake  of 
simplicity  of  use  and  portability.  Although  one  could 
surely  create  a  compiled  program  in,  for  example,  C, 
which  would  run  much  faster  than  our  version,  it  is 
probably  not  worth  the  effort  for  most  applications. 
Running  Mathematical  on  an  Apple  Macintosh 
Quadra  800  (33  MHz  68040  CPU),  the  time  required 
for  the  entire  process  of  generating  an  angular  distri¬ 
bution  from  a  cross  section  is  typically  about  1  min. 
However,  if  the  distribution  is  required  for  more  than 
one  film  thickness,  it  requires  of  order  10  s  starting 
with  an  i(a))  table  to  compute  each  new  distribution. 


4.  Results  and  discussion 

In  this  section  we  present  a  comparison  of  the 
results  of  a  computation  using  our  algorithm  with  pre¬ 
vious  work,  a  comparison  of  multiple  scattering  for 
three  different  cross  sections  and  two  foil  thicknesses, 
and  a  computation  of  the  effect  on  multiple  scattering 
of  hydrogen  in  the  scattering  foil.  The  beam  species 
and  energy  which  we  have  chosen  is  270  keV  He.  This 
is  the  most  common  beam  which  wc  use  for  medium 
energy  backscattering.  Fig.  1  shows  the  angular  distri¬ 
bution  of  He  after  passing  through  a  2  p.g/cm^  carbon 
foil,  typical  of  the  thickness  that  is  used  in  time-of-flight 
spectrometers.  The  scattering  cross  section  which  has 
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been  used  is  the  approximate  Lenz-Jensen  cross  sec¬ 
tion  given  by  Sigmund  and  Winterbon  [6].  Also  shown 
in  Fig.  1  for  comparison  is  the  result  of  a  computation 
using  the  Hankel-transform  method  described  in  ref. 
[6],  The  graph  has  been  plotted  on  a  log  scale  to 
emphasize  the  range  over  which  the  two  curves  agree. 
We  have  deliberately  chosen  the  parameters  of  our 
computation  to  emphasize  the  disagreement  at  large 
angles.  The  error  in  the  tail  of  our  curve  is  an  intrinsic 
artifact  of  the  use  of  the  FFT.  The  periodic  boundary 
conditions  which  are  inherent  in  this  technique  cause 
the  distribution  function  to  be  over-estimated  at  the 
boundary  by  a  factor  of  two.  It  is  possible  to  achieve 
any  reasonable  accuracy  over  a  specified  range  of  an¬ 
gles  by  selecting  the  total  range  to  be  large  enough.  In 
this  case,  we  specified  a  region  of  interest  which  in¬ 
cluded  approximately  five  half-widths  of  the  distribu¬ 
tion.  The  result  was  excellent  agreement  over  nearly 
four  orders  of  magnitude  in  the  distribution  function. 
This  was  achieved  while  saving  several  orders  of  magni¬ 
tude  in  computer  time  relative  to  the  Hankel-trans¬ 
form  method. 

For  practical  computations  needed  in  the  analysis  of 
time-of-flight  spectrometers  it  is  not  necessary  to  de¬ 
mand  the  large  dynamic  range  shown  in  Fig.  1.  Fig.  2 
shows  the  result  of  the  same  270  keV  He  beam,  again 
on  a  2  |xg/cm^  carbon  foil,  but  this  time  with  three 
different  assumptions  about  the  scattering  cross  sec¬ 
tion.  The  lower  curve  represents  the  (completely  un¬ 
physical)  result  obtained  from  unshielded  Coulomb 
scattering.  The  two  upper  curves  are  more  realistic. 
They  were  obtained  using  screened  Coulomb  interac¬ 
tions  with  a  Lenz-Jensen  screening  function  [14]  for 
the  lower  curve  and  the  Ziegler-Biersack-Littmark 
universal  screening  function  [17]  for  the  upper  curve. 
In  each  case,  the  cross  sections  were  computed  exactly 


Fig.  1.  A  comparison  of  the  multiple  scattering  angular  distri¬ 
bution  for  270  keV  He  on  2  jjig/cm^  C  foils  as  computed  by 
the  methods  of  Sigmund  and  Winterbon  [6]  and  this  work. 
The  discrepancy  at  large  angles  is  the  result  of  our  use  of 
periodic  boundary  conditions  and  can  be  reduced  by  simply 
extending  the  angular  range  of  the  calculation. 


Scattering  Angle  (radians) 

Fig.  2.  A  comparison  of  the  computed  multiple  scattering 
angular  distributions  for  270  keV  He  on  2  |ig/cm^  C  foils  for 
Rutherford,  Lenz-Jensen  [14],  and  universal  [17]  cross  sec¬ 
tions. 

using  an  improved  version  of  the  algorithms  described 
in  ref.  [18]. 

In  ref.  [18],  we  concluded  that  Lenz-Jensen  screen¬ 
ing  is  more  appropriate  for  computing  scattering  cross 
sections  of  interest  for  medium  energy  backscattering. 
Our  preference  for  this  screening  over  the  more-re¬ 
cently-developed  universal  screening  was  based,  in  part, 
on  the  failure  of  the  latter  to  agree  with  Hartree-Fock 
results  near  the  origin.  In  fact,  the  universal  screening 
was  developed  for  stopping  power  where  soft  collisions 
dominate.  Thus,  we  might  expect  that  for  multiple 
scattering  it  is  a  better  representation  of  nature. 

Fig.  3  shows  curves  identical  to  Fig.  2  except  that 
the  foil  thickness  is  100  fjig/cm^.  Notice  that  the 
difference  between  the  Lenz-Jensen  and  universal 
screening  functions  is  diminished  for  thicker  foils. 

Fig.  4  shows  the  effect  on  the  multiple  scattering 
distribution  of  the  addition  of  hydrogen  to  the  scatter¬ 
ing  foil.  From  top  to  bottom  the  curves  represent 
multiple  scattering  by  l0*^/cm^  of  pure  C,  CH,  and 


Fig.  3.  A  comparison  of  the  computed  multiple  scattering 
angular  distributions  for  270  keV  He  on  100  p.g/cm^  C  foils 
for  Rutherford,  Lenz-Jensen  [14],  and  universal  [17]  cross 
sections. 


10 


M.H,  Mendenhall,  RA.  Weller /Nad.  !nstr.  and  Meth.  in  Phys.  Res.  B  93  (1994)  5-10 


angular  distributions  for  270  keV  He  on  foils  containing 
carbon  atoms/cm^  in  the  form  C,  CH  and  CHj.  The  cross 
section  was  derived  from  the  universal  screening  function  [17]. 

CH2.  Again  the  projectile  is  He'^.  This  figure  is  partic¬ 
ularly  significant  since  it  cannot  be  inferred  from  the 
tables  of  Sigmund  and  Winterbon  [6].  It  is  perhaps  the 
greatest  strength  of  the  new  method  that  multiple 
scattering  can  be  evaluated  in  compound  targets  as 
easily  as  in  elemental  ones.  As  this  figure  shows,  even  a 
low  mass  constituent  can  significantly  affect  the  num¬ 
ber  of  particles  which  strike  a  fixed  aperture  upstream 
of  a  scattering  foil. 


5.  Conclusion 

Routine  computations  of  time-of-flight  detector  ef¬ 
ficiency  require  fast  and  accurate  evaluation  of  the 
multiple  scattering  produced  by  ions  passing  through 
1-10  M,g/cm^  foils.  By  using  the  axial  symmetry  of  the 
problem  in  a  novel  way,  we  have  constructed  algo¬ 
rithms  for  computing  multiple  scattering  which  are 
independent  of  any  specific  choice  of  cross  section, 
able  to  handle  compound  targets,  independent  of  any 
specific  assumptions  about  computer  hardware  or  soft¬ 
ware,  and  fast  enough  to  make  ab  initio  computations 
practical  on  currently  available  desktop  computers. 
These  algorithms  are  sufficiently  general  that  they  can 
provide  mathematical  precision  comfortably  exceeding 
that  of  the  scattering  potentials  and  the  small-angle 
approximation  while  still  rendering  angular  distribu¬ 
tions  in  reasonable  computing  time.  The  results  of  such 
computations  will  form  the  basis  of  a  mathematical 


model  of  time-of-flight  spectrometer  efficiency  which 
will  be  discussed  in  a  forthcoming  paper. 
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Medium  energy  time-of-flight  spectrometry  is  an  effective  technique  for  helium  backscattering  as  well  as  the  elastic  recoil 
detection  of  hydrogen  and  other  light  elements.  However,  the  efficiency  of  a  time-of-flight  spectrometer,  unlike  that  of  a  surface 
barrier  detector,  depends  strongly  on  the  energy  and  mass  of  the  detected  particle.  A  thorough  understanding  of  this  spectrometer 
quantum  efficiency  is  necessary  for  quantitative  measurements.  We  report  initial  measurements  of  the  quantum  efficiency  of  two 
similar  time-of-flight  spectrometers  in  forward  and  backscattering  geometries  for  hydrogen,  helium,  and  carbon  projectiles  over  the 
energy  range  50-275  keV.  The  results  arc  compared  with  predictions  of  a  model  which  incorporates  multiple  scattering  and 
secondary  electron  emission  at  the  carbon  start  foil  along  with  an  energy-independent  microchannel  plate  response.  When  these 
processes  are  taken  into  account,  the  efficiency  of  a  spectrometer  as  a  function  of  projectile  species  and  energy  can  be  described  to 
within  experimental  error  by  a  single  overall  calibration  constant. 


1.  Introduction 

Carbon-foil-based  time-of-flight  spectrometry  uses 
timed  coincident  detection  of  a  projectile  and  the 
secondary  electrons  generated  as  this  projectile  passes 
through  a  foil  placed  along  its  path.  Simultaneous 
acquisition  of  velocity  and  energy  information  is  possi¬ 
ble,  depending  on  the  method  used.  First  applied  in 
nuclear  physics  to  measure  recoil  velocities  of  ener¬ 
getic  heavy  ions,  these  techniques  have  found  new  uses 
in  surface  and  materials  characterization.  Employed  in 
conjunction  with  ion  beams  with  typical  atomic  num¬ 
bers  from  2  to  20  at  energies  from  2  to  50  MeV, 
organic  layers  [1],  oxide  layers  [2],  and  materials  im¬ 
planted  with  low  Z  elements  [3]  have  been  profiled  by 
the  time-of-flight  detection  of  elastic  recoils.  Our  group 
has  applied  time-of-flight  spectrometry  at  medium  en¬ 
ergies  to  both  backscattering  and  elastic  recoil  detec¬ 
tion  [4,5]. 

In  ion  beam  analyses  employing  a  silicon  surface 
barrier  detector,  the  detector's  quantum  efficiency,  the 
probability  that  a  single-particle  impact  will  generate  a 
detectable  event,  is  usually  considered  to  be  unity  for 
particles  with  reasonable  energies.  This  is  in  contrast 
to  time-of-flight  detection  schemes,  where  the  corre- 
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spending  probability  is  often  considerably  less  than 
one.  Thus,  to  analyze  quantitatively  a  material  by  time- 
of-flight  spectrometry,  it  is  necessary  to  understand  the 
variation  of  the  spectrometer's  response  with  respect 
to  the  parameters  of  the  particle  which  enters  it.  Previ¬ 
ous  studies  have  suggested  that  time-of-flight  spec¬ 
trometer  efficiencies  for  hydrogen  [6],  oxygen,  and  sili¬ 
con  [7]  are  proportional  to  the  electronic  stopping 
powers  of  these  ions.  Additional  experiments  have 
shown  that  the  efficiency  differs  substantially  as  a 
function  of  recoil  mass  [8].  Overall  spectrometer  effi¬ 
ciency  also  appears  to  depend  sensitively  upon  experi¬ 
mental  conditions.  For  example,  reported  values  for 
hydrogen  efficiency  over  similar  energy  ranges  vary 
from  2  to  90%  [6].  These  results  suggest  that  all  of  the 
physical  processes  governing  spectrometer  response 
have  not  been  fully  elucidated. 

In  this  paper,  we  report  the  results  of  a  comparative 
study  of  the  efficiencies  of  two  time-of-flight  spectrom¬ 
eters  used  for  backscattering  and  forward  recoil  analy¬ 
ses  at  medium  energies.  Efficiencies  have  been  mea¬ 
sured  for  hydrogen,  helium,  and  carbon  projectiles  in 
the  energy  range  50-275  keV.  Two  processes  which 
clearly  contribute  to  the  efficiency  of  a  spectrometer 
are  secondary  electron  emission  and  multiple  scatter¬ 
ing,  both  of  which  occur  as  ions  pass  through  the 
carbon  start  foil.  The  number  of  secondary  electrons 
controls  the  probability  that  a  projectile  generates  a 
start  event,  while  multiple  scattering  deflects  some 
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projectiles  out  of  the  acceptance  angle  of  the  stop 
detector. 

Efficiency  curves  have  been  calculated  using  a  sim¬ 
ple  model  based  upon  secondary  electron  emission  and 
multiple  scattering  which  assumes,  in  addition,  that  the 
response  of  the  microchannel  plate  which  generates 
the  stop  pulse  is  independent  of  a  projectile’s  velocity. 
Reasonable  agreement  between  the  data  and  the  model 
calculations  has  been  obtained  in  all  cases,  leading  to 
the  conclusion  that,  in  the  future,  it  will  be  possible  to 
establish  experimentally  a  single  number  characterizing 
a  spectrometer’s  quantum  efficiency.  The  variation  of 
the  efficiency  with  projectile  species  and  energy  will 
then  be  predictable  using  an  appropriately  detailed 
mathematical  model  based  upon  the  detector’s  design. 


2.  Experimental 

The  time-of-flight  spectrometer  and  scattering  ge¬ 
ometry  are  shown  in  Fig.  1.  Many  of  the  details  of  the 
spectrometer’s  operation  are  described  elsewhere  [9], 
but  parameters  which  are  necessary  to  understand  the 
efficiency  and  to  construct  a  theoretical  model  are 
identified  here.  Galileo  ElectroOptics,  Inc.,  FTD-2003 
microchannel  plate  assemblies  2.5  cm  in  diameter  are 
used  for  the  start  and  stop  detectors.  The  detectors, 
whose  active  areas  are  about  50%  of  their  geometric 
areas,  were  operated  at  a  bias  of  -2000  V.  Both  the 
forward  recoil  system  (at  42®)  and  the  backscattering 
system  (at  150®)  incorporate  2.5  ±  0.5  |ig/cm^  carbon 
start  foils  tilted  at  30®  with  respect  to  the  spectrometer 
axis  for  an  effective  multiple  scattering  thicknesses  of 
approximately  3  ixg/cm^.  The  flight  path  from  the 
start  foil  to  the  stop  detector  is  37  cm  in  each  case. 
Under  these  conditions,  the  acceptance  half  angle  of 


Stop 


Fig.  1.  Schematic  of  the  spectrometer  layout,  including  scat¬ 
tering  geometry  and  biasing  of  the  Faraday  enclosure. 


the  stop  detector  for  multiply  scattered  ions  is  approxi¬ 
mately  2®.  The  geometric  solid  angles  subtended  by  the 
spectrometers  are  fixed  by  entrance  apertures  at  1.5  x 
10”"^  and  7.7  X  10“"*  sr  for  the  42®  and  150®  systems, 
respectively.  Constant  fraction  discriminators  with  in¬ 
put  sections  specially  engineered  to  be  compatible  with 
un amplified  microchannel  plate  pulses  were  used  in 
the  spectrometer  oriented  at  150®.  The  spectrometer  at 
42®  used  conventional  constant  fraction  discriminators 
which  required  amplified  pulses. 

To  calibrate  the  detectors,  hydrogen  and  helium 
ions  with  energies  from  50  to  275  keV  and  carbon  ions 
from  100  to  400  keV  were  backscattered  from  a  silicon 
sample  having  a  nominal  gold  coverage  of  (1.0  ±  0.1)  x 
10*^  atoms/cm^.  Typical  doses  at  each  sampled  energy 
were  1.25  x  10‘^  ions  for  H  and  He,  and  6.25  x  10*^ 
ions  for  C.  The  beam  spot  size  was  ^  10  mm^.  The 
sample  was  reanalyzed  after  calibration  runs  by  275 
keV  He  backscattering  to  check  for  any  sputter  re¬ 
moval  of  Au.  As  an  additional  control,  275  keV  He 
backscattering  spectra  were  obtained  from  a  quartz 
sample  lightly  coated  with  colloidal  carbon  to  reduce 
charging.  The  heights  of  the  silicon  edges  in  these 
spectra  were  compared  to  verify  consistency  through¬ 
out  the  experiment. 

In  the  forward  scattering  experiments,  a  self-sup¬ 
porting  carbon  foil  was  mounted  on  a  stainless  steel 
support  with  a  6.4  mm  diameter  hole.  A  thickness  of 
3.6  ±0.5x10*^  atoms/cm^  was  derived  from  both 
aerial  density  and  energy  loss  measurements  by  He 
backscattering.  H  and  He  ions  from  50  to  275  keV 
were  forward  scattered  at  42®  using  roughly  the  same 
doses  as  the  backscattering  experiments.  Carbon  re¬ 
coils  were  generated  by  Ar  ions  with  energies  from  125 
to  825  keV  and  doses  of  6.25  x  10^^  ions  at  each 
sampled  energy.  No  measurable  change  in  the  foil 
thickness  was  observed  by  He  backscattering  as  a  result 
of  the  Ar  irradiations. 

A  double-walled,  stainless  steel  Faraday  cylinder 
was  used  to  obtain  consistent  beam  current  measure¬ 
ments  under  the  variety  of  bombardment  conditions 
used  in  the  experiment.  Current  was  summed  and 
integrated  from  the  target  and  the  inner  wail  of  the 
cylinder,  which  were  electrically  connected  and  biased 
at  +50  V  relative  to  the  grounded  outer  wall.  The 
outer  wall  shielded  the  target  from  stray  electrons  and 
ions  generated  by  the  ion  pumps  and  vacuum  gauge. 


3.  Results  and  discussion 

Fig.  2  shows  the  spectrometer  efficiency  data,  ex¬ 
pressed  as  the  ratio  of  effective  solid  angle  to  the 
geometric  solid  angle  subtended  by  the  detectors.  The 
effective  solid  angle  was  derived  for  H,  He,  and  C  at 
each  energy  based  on  known  values  for  the  number  of 
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gold  or  carbon  scattering  centers/cm^,  the  Lenz- Jen¬ 
sen  scattering  or  recoil  cross  section,  the  number  of 
incident  ions,  and  the  measured  number  of  counts  in 
the  forward  or  backscattering  peak.  The  energies  at 
which  projectiles  entered  the  detectors  were  computed 
using  the  appropriate  kinematic  factors  with  energy 
loss  in  the  scattering  foil  taken  into  account  in  the 
forward  scattering  configuration. 

Error  estimates  equal  to  ±  10%  of  measured  effi¬ 
ciencies  reflect  uncertainties  in  the  number  of  scatter¬ 
ing  centers/cm^  and  counting  statistics.  The  42®  and 
150®  spectrometer  efficiencies  differ  by  approximately 
a  factor  of  2  for  each  species,  as  is  indicated  by  the  use 
of  differing  scales  on  the  left  and  right  axes.  We 
attribute  this  difference  to  varying  discriminator 
thresholds  and  microchannel  plate  gains  in  the  two 
systems.  The  important  point  to  note  is  that  in  each 
case  the  data  are  brought  into  excellent  agreement  by  a 


(a) 


Fig.  Z  Data  for  the  42*  (circles)  and  150“  (squares)  spectrome¬ 
ters  and  normalized  theoretical  efficiency  curves,  plotted  as  a 
function  of  energy  for  (a)  hydrogen,  (b)  helium  and  (c)  carbon. 


Envoy  (t«V) 


Energy  <k«V) 


Fig.  3.  Theoretical  multiple  scattering  (a)  and  secondary  elec¬ 
tron  emission  (b)  contributions  to  spectrometer  efficiency  for 
hydrogen  (short  dashed),  helium  (long  dashed)  and  carbon 
(solid  line). 


single  overall  normalization.  The  solid  curves  in  Figs.  2 
are  the  results  of  the  model  calculations  described 
below. 

Multiple  scattering  in  the  carbon  start  foil  deflects 
some  projectiles  enough  that  they  can  no  longer  strike 
the  stop  detector.  In  order  to  estimate  the  number  of 
projectiles  which  are  thus  lost,  we  have  made  ab  initio 
calculations  of  the  multiple  scattering  distribution 
functions  for  H,  He  and  C  ions  passing  through  the 
start  foils  using  the  basic  equations  described  in  refs. 
[10,11].  Distribution  functions  were  computed  at  incre¬ 
ments  of  25  keV  in  the  energy  range  corresponding  to 
the  measurement  using  the  Lenz-Jensen  scattering 
cross  section.  These  angular  distributions  were  numeri¬ 
cally  integrated  over  the  solid  angle  subtended  by  a  2® 
cone  to  give  the  fraction  of  multiply  scattered  ions 
falling  within  the  acceptance  half-angle  of  the  stop 
detector.  The  results  of  the  calculation  are  shown  in 
Fig.  3a  as  the  fraction  of  ions  of  each  species  expected 
to  reach  the  stop  detector  as  a  function  of  energy. 

In  his  pioneering  work  on  secondary  electron  emis¬ 
sion,  Stemglass  [12]  demonstrated  that  the  yield  y  of 
secondary  electrons  per  incident  ion  is  proportional  to 
the  electronic  stopping  cross  section  of  the  ion  in 
the  vicinity  of  the  emitting  surface  (y  =  As^X  Constants 
of  proportionality  A  appropriate  to  various  ions  exiting 
C  foils  have  been  reported  by  Rothard  et  al.  [13]. 
When  the  stopping  cross  section  is  expressed  in  units 
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of  10*^^  eV  cm^,  the  values  of  A  are  0.25,  0.175,  and 
0.125  in  units  of  10*^/(eV  cm^)  for  H,  He,  and  C, 
respectively.  Since,  in  principle,  only  one  secondary 
electron  is  needed  to  trigger  the  start  microchannel 
plate,  the  probability  p  that  a  pulse  is  generated  by  the 
arrival  of  y  secondary  electrons  is  p  =  1  -  where 
A  is  the  probability  that  a  single  electron  will  trigger  an 
event.  Fig.  3b  shows  this  probability  as  a  function  of 
energy  for  each  species.  We  have  used  a  conservatively 
small  estimate  of  A  =  0.3  based  upon  the  work  of 
Fraser  [14]  and  the  data  which  he  cites.  (Larger  values 
of  A  cause  the  curves  in  Fig.  3b  to  increase  more 
rapidly.)  The  stopping  cross  sections  were  computed  by 
the  methods  described  in  ref.  [15]. 

The  solid  curves  shown  in  Fig.  2  were  computed  by 
taking  the  product  of  the  multiple  scattering  function 
from  Fig.  3a  and  the  secondary  electron  function  from 
Fig.  3b  appropriate  to  each  species  and  computing  a 
normalization  for  each  detector  system  by  a  least 
squares  fit  to  the  data.  Only  those  points  with  energies 
greater  than  50  keV  were  used  since,  in  this  simple 
model,  the  response  of  the  stop  microchannel  plate 
was  ignored.  The  ratio  of  the  normalization  constants 
for  the  42®  and  150®  spectrometers  were  used  to  set  the 
range  of  the  right-hand  scales  in  Fig.  2.  For  the  42® 
detector,  the  normalization  constants  for  H,  He  and  C 
were  respectively:  0.34  ±  0.03,  0.40  ±  0.03  and  0.32  ± 
0.04.  Similarly,  for  the  150®  detector  the  values  were: 
0.16  ±  0.04,  0.17  ±  0.04  and  0.12  ±  0.04.  Note  that  for 
each  spectrometer,  there  is  a  reasonable  probability 
that  the  three  constants  are,  in  fact,  equal.  The  proba¬ 
bility  that  would  be  larger  for  normally  distributed 
statistical  variations  is  22%  and  63%  respectively. 

In  agreement  with  the  previously  cited  experiments, 
our  measured  detection  efficiency  for  hydrogen  is 
smaller  than  for  He  and  C.  From  Fig.  3b,  this  can  be 
attributed  to  the  secondary  electron  contribution  to 
efficiency,  even  though  for  hydrogen  this  quantity 
reaches  a  maximum  in  the  energy  range  studied.  Note 
also  that  for  small  A  or  y,  the  efficiency  is  simply 
proportional  to  the  stopping  cross  section.  Multiple 
scattering,  on  the  other  hand,  tends  to  dominate  the 
behavior  of  the  carbon  efficiency  curve,  especially  at 
lower  energies  where  broadening  of  the  angular  distri¬ 
bution  causes  significant  losses  in  the  number  of  parti¬ 
cles  striking  the  stop  detector. 

The  ability  of  this  simple  model  to  properly  and 
consistently  predict  the  spectrometer  response  for  the 
various  masses  and  energies  is  persuasive  evidence  that 
multiple  scattering  and  secondary  electron  emission 
are  the  primary  physical  processes  governing  spectrom¬ 
eter  performance.  A  more  complete  theory  will  neces¬ 
sarily  include  a  mass  and  energy  dependent  stop  detec¬ 
tor  response.  Let  us  emphasize  again,  however,  that  to 
within  statistical  uncertainty,  only  one  normalization 
factor  is  needed  for  each  spectrometer  in  order  to 


bring  the  theoretical  curves  into  reasonable  agreement 
with  the  data  for  all  of  the  projectile  species  which 
were  studied. 


4.  Conclusion 

The  efficiencies  of  two  similar  carbon-foil-based 
time-of-flight  spectrometers  have  been  studied  as  a 
function  of  energy  from  50  to  275  keV  for  H,  He,  and 
C  at  42®  and  150®  scattering  angles.  Within  the  experi¬ 
mental  uncertainties,  the  efficiency  of  each  detector 
can  be  characterized  by  a  single  measured  number  with 
the  variation  in  efficiency  with  energy  and  mass  of  the 
analyzed  particle  being  given  by  a  model  based  upon 
secondary  electron  emission  and  multiple  scattering. 
This  result  indicates  that  efficiencies  may  be  estimated 
for  a  variety  of  time-of-flight  spectrometer  configura¬ 
tions  over  a  wide  range  of  masses  and  energies  by 
considering  parameters  such  as  foil  thickness,  flight 
path  length,  and  individual  microchannel  plate  quan¬ 
tum  efficiencies.  A  detailed  discussion  of  the  mathe¬ 
matical  model  of  the  spectrometer  and  its  range  of 
application,  including  the  effects  of  variation  of  param¬ 
eters  such  as  A  and  of  additional  assumptions  about 
the  response  of  the  stop  detector,  will  be  the  subject  of 
a  forthcoming  paper. 
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Using  two  detectors  to  time  individual  scattered  particles,  time-of-flight,  medium-energy  backscattering  has  established  a  new 
standard  for  depth  resolution  by  ion  backscattering  and  has  been  suggested  as  a  means  to  measure  very  low  levels  of  contamination 
on  semiconductor  surfaces.  This  paper  sets  forth  a  criterion  for  backscattering  sensitivity  to  trace  contaminants  based  upon  the 
limit  imposed  by  sputtering  and  analyzes  the  implications  of  random  coincidence  background  in  time-of-flight  spectra  for  reaching 
this  theoretical  limit.  The  effects  of  high  count  rates  on  spectral  shape  are  discussed  as  are  the  effects  of  the  quantum  efficiencies 
of  start  and  stop  detectors.  An  integral  equation  relating  an  intrinsic  spectrum  and  the  corresponding  measured  data  set  is 
presented  along  with  its  formal  solution. 


1.  Introduction 

The  scattering  cross  section  for  200  keV  on  Fe 
at  150®  is  over  700  times  larger  than  the  comparable 
cross  section  for  2  MeV  ^He'^.  This  very  large  increase 
in  cross  section,  together  with  technical  advances  in  the 
energy  spectrometry  of  backscattered  ions  in  this  en¬ 
ergy  range,  has  raised  the  possibility  that  medium 
energy  backscattering,  particularly  with  heavy  ions,  may 
be  a  superior  means  of  detecting  very  low  levels  of 
trace  impurities  in  semiconductors.  Following  this  rea¬ 
soning,  Knapp  and  Doyle  [1]  have  developed  a  tech¬ 
nique  using  surface  barrier  detectors  preceded  by  range 
foils  which  they  call  HIBS  (heavy  ion  backscattering 
spectrometry)  specifically  aimed  at  very  high  sensitivity 
trace  element  analysis  at  surfaces,  while  Mendenhall 
and  Weller  [2],  following  a  somewhat  more  general 
line,  have  developed  a  time-of-flight  approach  to 
medium  energy  backscattering  (MEBS)  which  empha¬ 
sizes  both  resolution  and  sensitivity. 

The  ultimate  sensitivity  of  both  the  time-of-flight 
and  range  foil  techniques  is  limited  by  similar  physical 
processes.  Two  of  the  most  important  are  multiple 
scattering,  by  which  ions  with  energies  higher  than  is 
kinematically  possible  from  a  single  collision  are  re¬ 
flected  from  the  target,  and  sputtering,  by  which  all 
atoms  of  interest  are  eventually  removed  from  the 
target.  Brice  has  recently  completed  a  theoretical  in¬ 
vestigation  of  multiple  scattering  relevant  to  this  appli¬ 
cation  [3].  In  this  paper,  I  suggest  a  criterion  for  the 
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limit  of  sensitivity  to  trace  elements  which  is  imposed 
by  sputtering  and  present  a  mathematical  model  of  a 
time-of-flight  spectrometer  which  may  be  used  to  cal¬ 
culate  the  random  coincidence  background  which, 
along  with  sputtering,  limits  the  sensitivity  of  the  time- 
of-flight  approach. 

In  Chu,  Mayer,  and  Nicolet  [4],  the  standard  refer¬ 
ence  on  backscattering  spectrometry,  the  authors  do 
not  quantify  the  limit  of  sensitivity  of  backscattering 
which  is  imposed  by  sputtering.  However,  a  more  re¬ 
cent  text  by  Feldman  and  Mayer  [5]  does  consider  the 
issue.  These  authors  assume  that  the  total  erosion  by 
the  incident  beam  must  be  less  than  the  original  film 
thickness  for  a  statistically  significant  measurement. 
This  is  a  useful  estimate  but  one  which  contains  a 
subtle  ambiguity  which  arises  because  the  degree  of 
erosion  is  not  connected  more  directly  with  the  statisti¬ 
cal  uncertainty  of  the  measurement.  (Consider,  for  ex¬ 
ample,  the  meaning  of  a  result  with  10%  counting 
statistics  (100  counts)  when  100%  of  the  target  layer 
has  been  removed  during  the  measurement.  A  more 
consistent  estimate  of  sensitivity  can  be  obtained  if  the 
fraction  of  the  trace  constituent  which  is  sputtered 
away  during  the  backscattering  measurement  is  approx¬ 
imately  the  same  as  the  fractional  statistical  uncer¬ 
tainty  of  its  measured  areal  density.  In  the  following 
section,  I  will  quantify  this  sensitivity  criterion  and  use 
it  to  assess  the  relative  merits  of  MEBS  with  ions  of 
several  masses. 

The  principal  source  of  background  in  a  time-of- 
flight  backscattering  spectrum  is  random  coincidences 
between  start  and  stop  signals  which  are  produced  by 
different  particles.  The  rate  of  these  random  events  is 
clearly  related  to  the  rate  of  true  events  and  this 
relationship  controls  the  signal-to-background  in  time- 


01 68-583X/93/$06.(X)  ©  1993  -  Elsevier  Science  Publishers  B.V.  All  rights  reserved  XlII.  DETECTORS/SPECTROMETERS 


818 


RA,  Weller  /  Instrumental  effects  on  TOP  spectra 


of;flight  Spectra.  The  third  section  will  develop  the 
relationship  between  an  intrinsic  time-of-flight  spec¬ 
trum  and  the  random  background  which  accompanies 
it 


2.  Sensitivity  criterion 


Consider  a  backscattering  experiment  to  measure  a 
surface  contaminant  in  which  the  physical  quantities 
are  defined  as  follows.  Let  p  be  the  areal  density  of  the 
contaminant  species,  <r  the  differential  scattering  cross 
section,  fl  the  detector  solid  angle,  ry  the  detector 
quantum  efficiency,  N  the  number  of  primary  ions,  A 
the  cross-sectional  area  of  the  incident  beam,  C  the 
measured  number  of  backscattered  particles,  B  the 
background  in  the  spectral  region  of  the  backscatters 
from  all  sources,  P  the  number  of  sputtered  contami¬ 
nant  atoms  per  primary  ion,  and  €  =  Ap/p  the  fraction 
of  the  contaminant  layer  that  is  removed  during  the 
measurement.  The  number  of  backscatters  is: 

C^Napflr].  (1) 

Similarly,  the  number  of  sputtered  contaminant  atoms 
is: 


NP-A^p~peA,  (2) 

To  these  well  known  relationships  we  add  the  condi¬ 
tion  defined  above,  that  the  statistical  uncertainty  in 
the  measurement  be  equal  to  the  fraction  of  the  mate¬ 
rial  removed: 


Ap  _  y/cTlB 

T  ~ 


(3) 


From  these,  we  obtain  an  expression  for  the  sensitivity 
of  a  measurement  in  terms  of  the  required  fractional 
statistical  uncertainty  of  the  result 


i  +  vTTi^  p 

2e^  AaClt)  ’ 


(4) 


Of  the  quantities  in  this  equation,  P  is  the  least  well 
known.  In  order  to  estimate  F,  let  us  assume  that 
contaminants  are  removed  randomly  in  collision  cas¬ 
cades  which  are  dominated  by  the  substrate  atoms.  In 
this  case,  one  might  expect  that  the  yield  of  the  con¬ 
taminant  is  just  the  yield  of  the  substrate  reduced  by 
the  proportion  of  contaminant  atoms  in  the  total  pool 
from  which  sputtered  atoms  are  drawn: 


‘p,’ 


(5) 


where  p^  ( »  p)  is  the  areal  density  of  a  layer  of  the 
substrate  from  which  sputtered  atoms  originate;  that  is, 
a  region  about  three  atomic  layers  thick.  With  this 
added  assumption,  we  arrive  at  the  final  expression  for 


Table  1 

Detectable  level  p  of  Au  on  Si  with  various  100  keV  beams  in 
the  absence  of  background.  Also  shown  are  tr^,  the  Lenz- 
Jensen  cross  section  for  scattering  from  Au  at  150“,  and 
the  sputtering  yield  of  the  Si  substrate.  N  is  the  number  of 
incident  ions  required  for  the  measurement.  These  values  are 
based  upon  assumptions  that  Pj,  =  4xl0‘^  cm“^  /I  =  0.03 
cm^  Qrf  -  lO"*'*  sr,  and  e  =  0,3 


Beam 

110-“  cm^] 

n 

p 

[10''cm-2] 

[10^^  cm"^] 

^Ne 

344 

0.40 

36 

0.09 

Wq 

255 

0.23 

28 

0.15 

169 

0.11 

20 

0.32 

"B 

128 

0,075 

18 

0.48 

“He 

28 

0.0046 

5.1 

7.8 

'H 

8 

0,00024 

0.9 

150 

the  minimum  density  layer  given  a  number  B  of  back¬ 
ground  counts  and  a  required  precision  €  of  the  result: 


1  +  Vl  +  Se^B  Y, 

p^Aafl'T) 


(6) 


Casual  intuition  suggests  that  the  increase  of  scattering 
cross  section  with  increasing  atomic  number  of  the 
projectile  would  favor  heavy  ions  for  highest  sensitivity. 
This  conjecture  is  tested  in  table  1  which  gives  the  level 
at  which  Au  can  be  detected  on  Si  with  several  differ¬ 
ent  ions.  Table  1  assumes  that  €  =  30%  (that  is  a 
non-zero  result  with  a  confidence  level  of  three  stan¬ 
dard  deviations),  that  5  =  0,  and  that  the  beam  energy 
is  100  keV.  Notice  that  the  greatest  sensitivity  (smallest 
p)  is  obtained  for  the  lightest  projectile  even  though 
the  cross  section  is  lowest  in  this  case.  The  reason  for 
this  rather  surprising  result  is  that  sputtering  is  the 
dominant  effect.  Greatest  sensitivity  is  obtained  by 
using  light  ions  but  at  a  cost  of  longer  (often  much 
longer)  run  times.  Heavy  ions  are  preferred  only  when 
constraints  are  placed  on  the  allowed  duration  of  the 
measurement.  One  would,  therefore,  expect  that  it 
would  be  desirable  to  use  as  large  a  beam  current  as 
possible,  in  order  to  perform  the  measurement  in  the 
least  time.  Unfortunately,  as  the  following  section 
shows,  with  time-of-flight  detection  it  is  not  possible  to 
compensate  in  this  way,  because  using  large  beam 
currents  drives  up  the  background,  B. 


3,  TOF  background 

Eq.  (6)  shows  the  effect  of  background  on  the  best 
attainable  sensitivity  for  trace  element  analysis.  In  a 
time-of-flight  spectrometer  such  as  is  described  in  ref. 
[2],  most  background  events  occur  when  a  start  pulse 
and  stop  pulse  are  initiated  by  different  particles.  In 
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this  section,  I  present  an  integral  equation  which  de¬ 
scribes  the  distortion  of  time-of-flight  spectra  which 
results  from  these  random  coincidences  in  the  spec¬ 
trometer,  Let  us  assume  that  the  true  rate  of  particles 
entering  the  spectrometer  is  A,  that  the  normalized 
intrinsic  distribution  of  flight  times  t  is  /(/),  and  that 
the  efficiencies  of  the  start  and  stop  detectors  as  a 
function  of  flight  time  are  i7|(t)  and  We  assume 
further  that  the  rate  of  random  start  and  stop  pulses 
caused,  for  example,  by  electronic  noise,  cosmic  rays, 
etc.  can  be  neglected.  Define  the  mean  efficiencies  of 
the  detectors  as: 


’7i  =  /i7i(0/(0  and  172  = 0/(0  dt.  (7) 

With  these  definitions,  it  is  possible  to  express  the 
mathematical  form  of  the  probability,  that  an  ion 
entering  the  time-of-flight  spectrometer  generates  an 
event  with  flight  time  t,  in  terms  of  the  intrinsic  distri¬ 
bution  fit)  and  the  true  event  rate  A.  The  expression 
is: 


■»Ji(0’72(0/(0  +-»7t^2A 


Flight  Time  (ns) 


Fig.  1.  Time-of-flight  spectra  for  ‘*He‘^  backscattering  at  150® 
from  a  soiid  Ta  target  with  the  same  total  charge  delivered  by 
beam  currents  of  1  and  320  nA.  The  event  rates  were  tjjA  = 
7500  and  740  ks“^  respectively  and  772A  ==  1000  s“^  and 
320  ks“^  respectively.  Several  factors,  including  the  uncer¬ 
tainty  of  the  current  integration  for  the  1  nA  spectrum  and  an 
electronic  time-out  at  500  ns,  complicate  the  quantitative 
comparison  of  these  data  with  eq.  (8).  However,  the  trend 
toward  higher  relative  background  at  the  high  event  rate  is 
clear  as  is  the  essential  flatness  of  the  background  in  the 
kinematically  inaccessible  region  of  the  spectrum.  The  small 
step  in  the  level  of  the  background  near  the  Ta  edge  is  an 
artifact  of  the  external  electronics  which  has  now  been  elimi  - 
nated. 


(8) 


Here  p  is  the  probability  that  the  system  is  not  busy 
with  a  previous  pulse  at  the  time  that  a  start  pulse 
arrives.  This  expression  is  derived  by  considering  all 
possible  variations  for  an  event.  For  example,  the  first 
term  in  the  brackets  corresponds  to  the  composition  of 
probabilities  in  the  following  sequence:  1)  the  particle 
entering  the  spectrometer  has  flight  time  t,  fit)  df;  2) 
the  spectrometer  is  not  busy,  p;  3)  the  start  detector  is 
triggered,  4)  no  random  stop  occurs  during  the 
interval  (0,  /),  and  finally;  5)  the  stop  detector 

is  triggered,  172(0. 

The  principal  predictions  of  eq.  (8)  are  that  there  is 
a  component  of  additive  random  background  propor¬ 
tional  to  A  and  that  a  multiplicative  exponential  damp¬ 
ing  factor  e"^2f  (x^  =  yj^x)  tends  to  attenuate  the 
spectrum  at  long  arrival  times.  In  measured  time-of- 
flight  backscattering  spectra,  such  as  fig.  1,  this  attenu¬ 
ation  is  ordinarily  negligible  in  the  portion  of  the 
spectrum  that  has  features  of  interest  and  so  can  be 
ignored.  It  is  the  rate  dependent  background  which 
defeats  the  use  of  increased  beam  current  to  shorten 
measurement  times.  Fortunately,  the  principal  con¬ 
stituent  of  the  additive  background,  at  least  for  the 
common  case  of  analyzing  heavy  constituents  on  a 
lighter  substrate,  is  171772 A,  a  constant  that  can  be 
determined  easily  by  examining  regions  of  the  spec¬ 
trum  which  do  not  contain  kinematically  allowable 
backscattering  events.  Thus,  background  subtraction  in 
time-of-flight  spectra  is  straightforward  in  contrast  to 


subtraction  of  pulse  pile-up  which  is  experienced  in 
energy  spectra  measured  with  surface  barrier  detec¬ 
tors.  However,  as  eq,  (6)  clearly  shows,  even  theoreti¬ 
cally  well  understood  background  exacts  a  toll  in  di¬ 
minished  sensitivity. 

Two  additional  points  need  to  be  made  with  refer¬ 
ence  to  eq.  (8).  First,  although  the  background  in¬ 
creases  approximately  linearly  at  low  event  rates,  this  is 
true  only  so  long  as  p  is  near  unity.  At  very  high  rates, 
the  effect  of  this  factor,  which  is  discussed  further 
below,  must  also  be  considered.  Finally,  even  at  low 
counting  rates,  it  is  necessary  to  measure  the  total 
system  efficiency  17(0  =  i?i( 0772(0,  which  is,  of  course, 
dependent  on  the  ion  being  analyzed,  in  order  to 
recover  fit)  from  a  measured  spectrum.  This  is  a 
minor  inconvenience  of  time-of-flight  spectrometry 
when  compared  with  the  near  unit  quantum  efficiency 
of  energy  spectrometry  using  surface  barrier  detectors. 

Eq.  (8)  can  be  converted  to  a  differential  equation 
and  so  can  be  formally  inverted  to  obtain  the  best 
achievable  approximation,  i]iit)r)2it)fitX  to  the  true 
distribution,  fit),  from  the  measured  distribution  Pit). 
The  result  is  of  theoretical  interest  but  is  not  very 
useful  for  practical  data  analysis,  since  in  a  real  experi¬ 
ment  one  does  not  ordinarily  sample  the  distribution 
for  a  large  enough  range  of  t  values.  The  formal 
inversion  of  eq.  (8)  is: 

+r(r')]d/'.  (9) 
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where  P'  denotes  the  derivative,  Pit)  and  i72A  are 
known  from  experiment,  and  it  is  assumed  that 
7tiit)Tj2iOfU)^0  when  Using  the  simple  as¬ 

sumption  that  the  detector’s  mean  dead  time  r  is  the 
mean  duration  of  observed  events,  one  obtains  for  t: 


/V(0  d/ 

fPiOdt 

■'0 

and,  consequently,  for  the  live  time  factor,  p: 
1 

^  l  +  i7,Ar 


(10) 


(11) 


This  equation  is,  of  course,  only  valid  when  Aj  s  tj^A  is 
not  too  large.  The  random  coincidence  background 
sets  a  lower  limit  on  the  sensitivity  of  time-of-flight 
measurements  but,  as  eq.  (8)  shows,  this  background 
depends  upon  the  rate  of  events  in  the  stop  detector.  If 
a  significant  portion  of  the  total  counts  in  a  spectrum  is 
generated  by  uninteresting,  low-energy  particles  such 
as  backscatters  from  the  substrate,  then  the  signal-to- 
noise  performance  of  a  spectrometer  can  be  enhanced 
by  placing  a  range  foil  like  that  used  by  Knapp  and 
Doyle  [1]  just  before  the  stop  detector.  In  this  location, 
the  foil  introduces  negligible  loss  of  timing  resolution 
for  the  particles  which  pass  through  it,  and  pin  holes  in 
the  foil  only  cause  an  increase  in  the  uniform  back¬ 
ground,  not  localized  distortions  in  the  spectrum. 


of-flight  spectra  contain  a  flight-time-dependent  effi¬ 
ciency  factor  which  is  independent  of  count  rate  and 
an  approximately  uniform  rate  dependent  background. 
Thus,  greatest  sensitivity  is  obtained  with  low  beam 
currents  so  long  as  the  actual  rate  of  detected  events  is 
a  few  times  larger  than  the  true  electronic  background. 
4)  An  effective  strategy  for  reducing  background  with 
minimal  loss  of  timing  resolution,  and  therefore  in¬ 
creasing  sensitivity  to  heavy  trace  contaminants,  is  to 
tailor  the  response  172(0  of  the  stop  detector  to  reduce 
the  rate  of  uninteresting  backscatters  from  the  sub¬ 
strate.  One  obvious  way  to  do  this  is  to  place  a  foil  in 
front  of  the  stop  detector  which  is  thick  enough  to 
eliminate  most  particles  backscattered  from  the  sub¬ 
strate  but  thin  enough  to  pass  those  which  are  scat¬ 
tered  from  the  species  of  interest. 

As  of  this  writing,  the  only  reliable  method  to 
obtain  the  quantum  efficiency  7](t)  T}^it)r)2(t)  of  a 

time-of-flight  spectrometer  is  to  measure  it.  It  is  clear 
that  one  factor  strongly  affecting  rj^U)  is  the  secondary 
electron  emission  of  the  2-3  fig/cm^  carbon  foil  which 
generates  the  electrons  which  trigger  the  start  detector. 
Similarly,  multiple  scattering  in  this  foil  is  very  impor¬ 
tant  in  determining  172(f)  since  particles  deflected  from 
the  axial  trajectory  of  the  spectrometer  will  not  be 
detected.  The  degree  to  which  the  flight-time-depen- 
dent  functions  t7j(/)  and  172(f)  predicted  from 

first  principles  is  presently  unknown,  but  is  the  subject 
of  active  research. 


4.  Conclusion 

Here  are  the  principal  conclusions  of  this  paper.  1) 
When  total  measurement  time  is  unlimited,  maximum 
sensitivity  for  detecting  heavy  contaminants  on  a  light 
substrate  is  obtained  with  light  ions  such  as  H  or  He 
rather  than  heavier  ions  such  as  C  or  Ne.  2)  When  run 
time  (or  total  number  N  of  incident  ions)  is  limited, 
eqs.  (2),  (3)  and  (5)  together  imply  that  heavier  ions  are 
required,  but  from  eq.  (6)  one  then  finds  that  less 
overall  sensitivity  can  be  achieved.  3)  Measured  time- 
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We  describe  a  technique  for  the  detection  of  light  mass  constituents  at  or  near  the  surface  of  a  material  using  two  microchannel 
detectors  to  time  the  individual  recoils.  Sensitivity  to  hydrogen  is  demonstrated  by  probing  samples  of  Kapton,  hydrated  titanium, 
and  wafer  grade  silicon  with  270  keV  helium,  neon,  and  argon  ions.  Because  the  detector  is  sensitive  to  particle  velocity  rather  than 
energy,  recoil  atoms  and  scattered  ions  are  easily  distinguished.  Processes  which  affect  the  system's  sensitivity  to  hydrogen  are 
identified  and  a  value  for  the  hydrogen  detection  efficiency  is  established.  The  method  may  realize  a  number  of  advantages  over 
conventional  elastic  recoil  detection,  including  the  elimination  of  the  absorber  foil,  heightened  sensitivity,  and  improved  depth 
resolution. 


1.  Introduction 

The  greatest  strength  of  surface  analysis  by  ion 
backscattering  is  that  the  fundamental  interaction  cross 
section  describing  the  probability  of  collision  between 
the  ions  of  the  beam  and  the  atoms  of  the  sample  is 
calculable  from  first  principles.  If,  in  addition,  the 
species  of  interest  is  present  in  a  thin  layer  at  or  near 
the  surface  and  has  an  atomic  mass  greater  than  that 
of  the  bulk  of  the  sample,  then  the  resulting  spectra 
are  especially  easy  to  interpret.  Conversely,  if  the 
species  of  interest  has  an  atomic  mass  lighter  than  the 
substrate  upon  which  it  rests,  then  backscattering  spec¬ 
tra  are  difficult  to  interpret  and  the  quality  of  the 
resulting  data  is  lower.  This  is  particularly  true  of 
hydrogen,  which  is  invisible  in  backscattering  spectra. 

Hydrogen  is  present  to  a  greater  or  lesser  degree  on 
almost  all  surfaces.  Its  presence  in  significant  quanti¬ 
ties  in  a  material  may  be  useful,  as  in  the  case  of 
silicon  [1]  or,  as  in  the  case  of  titanium  [2],  may 
significantly  degrade  the  material’s  performance.  In 
either  case,  detecting  and  quantifying  hydrogen,  espe¬ 
cially  in  small  quantities,  is  a  continuing  challenge.  It 
is,  of  course,  invisible  to  electron  spectroscopies,  and, 
while  it  is  readily  observable  by  secondary  ion  mass 
spectrometry,  these  observations  are  virually  impossi¬ 
ble  to  quantify. 

The  most  reliable  quantitative  techniques  for  mea¬ 
suring  surface  hydrogen  make  use  of  energetic  ion 
beams.  The  most  highly  developed  is  nuclear  resonant 
reaction  analysis  in  which  a  beam  of  particles  such  as 
causes  the  specimen  to  emit  7  radiation  in  propor¬ 
tion  to  the  hydrogen  concentration  by,  in  this  case,  the 
nuclear  reaction  *^N(p,  a7)^^C  [3].  Narrow  resonances 


in  the  reaction  arc  used  to  obtain  information  not  only 
about  the  quantity  of  hydrogen  present,  but  also  its 
depth  distribution.  An  alternative  technique,  known  as 
elastic  recoil  detection  (ERD),  is  more  direct.  An  ener¬ 
getic  beam  is  directed  onto  the  surface  to  be  analyzed 
at  an  oblique  angle  so  that  low  angle  forward  recoils  as 
well  as  scattered  beam  ions  can  be  detected.  In  this 
way  target  constituents  with  low  atomic  masses  are 
visible  even  when  they  reside  on  substrates  with  much 
larger  atomic  mass.  Much  of  the  original  development 
of  ERD  used  silicon  surface  barrier  detectors  for  the 
energy  spectrometry  of  recoiling  atoms  [4].  In  order  to 
effectively  profile  hydrogen,  it  was  necessary  to  use 
them  in  conjunction  with  range  foils  to  remove  the 
scattered  ions  and  heavy  recoils.  Thomas  et  al.  [5]  first 
observed  that  the  correct  parameter  to  use  to  differen¬ 
tiate  particles  in  the  forward  geometry  is  not  energy 
(which  surface  barrier  detectors  measure)  but  rather 
time,  since  lighter  forward  recoils  move  faster  (up  to 
nearly  twice  the  speed  of  the  incident  projectiles). 
Using  technology  in  common  use  for  heavy  ion  nuclear 
spectroscopy,  he  showed  that  time-of-flight  detection 
could  produce  superior  depth  resolution  and  discrimi¬ 
nation  of  species  when  used  with  beam  energies  rang¬ 
ing  up  to  a  few  tens  of  MeV. 

Our  group  has  previously  demonstrated  that 
backscattering  spectrometry  using  time-of-flight  detec¬ 
tion  and  beams  with  energies  in  the  range  200-300 
keV  is  a  valuable  complement  to  conventional  Ruther¬ 
ford  backscattering  (RBS)  [6].  The  extension  of  the 
medium  energy  time-of-flight  technique  to  forward 
scattering  is  natural  because  a  number  of  advantages  of 
using  lower  energy  beams,  such  as  less  total  deposited 
energy  and  a  smaller  accelerator,  also  obviously  apply 
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Fig.  1.  Schematic  of  scattering  geometry  and  detector  layout. 


to  this  case.  Others,  such  as  enhanced  sensitivity  and 
depth  resolution,  must  be  verified  experimentally. 

In  this  paper,  we  report  preliminary  measurements 
of  hydrogen  and  other  low  mass  surface  species  using 
time-of-flight  medium  energy  elastic  recoil  detection. 
Samples  of  clean  and  hydrated  titanium,  etched  and 
oxidized  device-grade  silicon,  and  Kapton  have  been 
studied.  Beams  of  270  keV  He'*’,  Ne^,  and  Ar*^  ions 
were  used  to  study  the  effects  of  probe  species  on  the 
sensitivity  of  the  system  to  hydrogen.  Near  surface 
concentrations  of  hydrogen  and  oxygen  have  been  esti¬ 
mated  and  the  relative  depth  distributions  of  hydrogen 
in  these  materials  are  compared. 


2.  Experiment 

The  scattering  and  detection  geometry  is  shown  in 
fig.  1.  Beams  of  singly  charged  He,  Ne,  and  Ar  ions 
were  focused  on  the  target  in  spots  approximately  3 
mm  in  diameter.  Beam  currents  were  typically  in  the 
1-2  nA  range  with  a  total  deposited  charge  of  approxi¬ 
mately  200  nC.  The  sample  was  oriented  so  that  the 
scattering  angle  was  42®  and  incident  and  scattered 
angles,  $i  and  $2,  were  69®  with  respect  to  the  target 
normal.  Both  the  detector  and  the  analysis  chamber 


were  maintained  at  a  base  pressure  of  1  x  10'® 
Torr. 

The  time-of-flight  detector  used  for  these  measure¬ 
ments  is  similar  to  the  one  discussed  in  an  earlier 
paper  [7].  A  recoil  or  scattered  atom  (charged  or  neu¬ 
tral)  passes  through  a  rotateable  3  p.g/cm^  carbon  foil 
which  is  ordinarily  tilted  at  30®  with  respect  to  the 
particle's  trajectory,  and  traverses  a  36.4  cm  long  flight 
path  before  encountering  the  stop  detector.  The  stop 
pulse  is  produced  when  the  atom  strikes  a  microchan- 
nel  plate  (Galileo  ElectroOptics  FTD-2003).  The  sec¬ 
ondary  electrons  generated  in  the  foil  are  accelerated 
to  800  eV  and  detected  by  a  second  microchannel  plate 
assembly.  The  microchannel  plate  pulses  are  amplified 
and  time  markers  are  generated  by  constant  fraction 
discriminators.  The  time  markers  are  used  to  generate 
a  time-proportional  analog  pulse  using  a  time-to-ampli- 
tude  converter.  A  multichannel  analyzer  converts  and 
histograms  the  pulses  into  2048  channel  spectra.  The 
measured  timing  resolution  of  the  elastic  recoil  TOP 
system  is  approximately  1.5  ns.  The  detector  solid 
angle,  defined  by  a  small  aperture  in  front  of  the 
detector,  was  1.5  x  10“^  sr. 

The  detection  efficiency  for  hydrogen  was  investi¬ 
gated  by  bombarding  an  8.5  jig/cm^  carbon  foil  with 
protons  with  energies  from  50  to  270  keV.  The  foil  was 
oriented  normal  to  the  beam  and  scattered  H  was 
measured  at  ^  =  42®  with  respect  to  the  beam.  The 
transmitted  beam  was  collected  by  a  Faraday  cup  and 
the  resulting  current  was  used,  along  with  a  correction 
for  charge  neutralization  in  the  foil,  to  establish  the 
total  number  of  incident  ions.  Preliminary  measure¬ 
ments  of  the  efficiencies  for  helium,  carbon,  and  oxy¬ 
gen  have  also  been  studied  similarly. 

Samples  were  chosen  to  contain  hydrogen  in  a  range 
of  concentrations  both  on  the  surface  and  in  the  bulk. 
A  Kapton  (C22H10N2O4,  p  -  1,42  g/cm^)  sample  was 
cut  to  size  from  a  35  p.m  thick  sheet  made  commer¬ 
cially  by  DuPont.  Hydrated  titanium  was  prepared 
from  a  0.127  mm  thick,  99.98%  titanium  foil  in  an 
electrolysis  cell  assembled  using  the  titanium  as  the 
cathode  and  high  purity  graphite  as  the  anode.  The 
electrodes  were  immersed  in  a  0.05M  solution  of  hy- 


Table  1 

Comparison  of  probe  beams  and  respective  parameters  which  affect  the  measurement  of  hydrogen  in  silicon.  The  columns  from  left 
to  right  indicate  (1)  probe  beam  species,  (2)  recoil  hydrogen  cross  section,  (3)  surface  recoil  H  flight  time  in  the  detector,  (4)  surface 
scattered  beam  flight  time,  (5)  surface  recoil  Si  flight  time,  (6)  resolveable  surface  contaminants,  and  (7)  Si  normal  incidence 
sputtering  yield 


Ion 

<th(42*) 

[10-^  cm*] 

AtH 

[ns] 

^^ion 

Ins] 

Afsi 

[ns] 

Resolveable 

species 

Ysi 

‘‘He* 

1.73 

92.1 

112.2 

599.5 

H,D 

0.022 

“Ne-^ 

694 

171.5 

287.9 

384.8 

H,D.C 

0.19 

^At* 

6750 

239.5 

641.0 

385.5 

H,  D.  C.  0,  F 

0.84 
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Channel  Number 

Fig.  2.  (a)  TOF  spectra  for  270  kcV  Ne'*'  on  the  polymer  Kapton.  A  total  charge  of  1.25x10^^  ions  was  deposited  during  the 
analysis,  (b)  Transformed  energy  spectrum  for  recoil  hydrogen  in  Kapton. 


drochloric  acid  in  deionized  water  for  3  h  while  a 
current  of  100  mA  at  30  V  was  passed  between  them. 
Two  silicon  samples  were  cut  from  a  pristine,  6-in., 
device-quality  wafer  cleaved  along  the  [100]  surface. 
One  sample  was  dipped  in  reagent  grade  hydrofluoric 
acid  (49%)  for  1  min  and  rinsed  in  deionized  water  for 
2  min  with  the  intent  of  removing  the  surface  oxide. 


3.  Results  and  discussion 

For  quantitative  work  it  is  essential  to  know  the 
quantum  efficiency  of  the  time-of-flight  detector.  We 
define  this  simply  as  the  probability  that  an  ion  enter¬ 
ing  the  detector  will  generate  an  observable  event.  The 
efficiency  was  determined  for  protons  scattered  from 
carbon  based  on  known  values  for  the  cross  section, 
the  number  of  scattering  centers/cm^  and  the  number 
of  incident  ions.  For  protons  the  result  was  an  effi¬ 
ciency  of  30  ±  5%  over  a  wide  energy  range.  The  value 
is  comparable  with  other  reported  results  [8].  Because 
the  energy  loss  for  protons  in  the  carbon  start  foil  is 
nearly  a  maximum  over  our  range  of  interest,  the 
efficiency  of  secondary  electron  emission  is  high.  How¬ 
ever,  this  is  offset  by  multiple  scattering  in  the  start 
foil.  A  significant  increase  in  the  count  rate  at  the  stop 
detector  was  observed  during  a  sample  inadiation  when 
the  start  foil  was  rotated  out  of  the  particle’s  flight 
path.  Calculations  using  an  independent  implementa¬ 
tion  of  the  TRIM  algorithm  [9]  suggest  that  at  least 


half  of  the  recoil  protons  in  the  range  25-50  keV  will 
be  scattered  out  of  the  2®  acceptance  half-angle  of  our 
stop  microchannel  plate.  Multiple  scattering  of  an  inci¬ 
dent  beam  of  Ne  or  Ar  is  even  greater  by  comparison. 
This  can  be  used  to  advantage  because  it  limits  the 
count  rate  from  scattered  beam  ions  which  provide 
little  useful  information  yet  contribute  to  the  back¬ 
ground. 

A  comparison  of  the  effects  of  the  probe  beam  on 
some  crucial  parameters  of  the  spectrum  of  hydrogen 
in  silicon  are  shown  in  table  1.  Hydrogen  recoil  cross 
sections,  calculated  using  the  Lenz- Jensen  potential, 
favor  Ne  and  Ar  for  optimal  sensitivity.  It  should  be 
noted  that  the  recoil  cross  section  using  270  keV  ^Ne"^ 
is  5  orders  of  magnitude  larger  than  4  MeV  ^He*^  and 

1000  times  larger  than  30  MeV  Cl'^,  a  typical  probe 
beam  used  in  conventional  ERD.  However,  at  medium 
energies,  sputtering  of  the  surface  is  a  greater  concern. 
Sputter  yields  from  silicon  calculated  using  the  empiri¬ 
cal  formula  of  Matsunami  et  al.  [10]  clearly  indicate 
that  the  deposited  charge  should  be  minimized  when 
the  heavier  probe  ions  are  used. 

The  flight  time  of  an  atom  in  the  detector  can  be 
calculated  using 


where  m  is  the  mass  of  the  particle,  L  is  the  flight 
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path,  X  is  the  foil  thickness,  and  dE/dx  is  the  stop-  mass,  while  the  time  difference  between  hydrogen  and 

ping  power  of  the  atom  at  an  energy  E  in  carbon.  The  other  recoils  from  the  host  material  will  decrease.  This 

electron  flight  time  is  contained  in  (q.  In  general,  the  must  be  considered  when  trying  to  maximize  the  ana- 

difference  in  flight  times  between  recoil  hydrogen  and  lyzable  depth  for  hydrogen  in  a  material.  For  our 

the  scattered  beam  will  increase  with  increasing  probe  system,  a  Ne  probe  beam  seems  to  be  the  best  compro- 
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Fig.  4.  TOF  spectra  for  270  keV  Ar“^  on  etched  and  unetched  silicon;  total  charge  of  1.25  x  10^^  ions. 
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mise  for  the  sensitive  profiling  of  near  surface  hydro¬ 
gen  in  materials. 

Fig.  2a  shows  a  time-of-flight  spectrum  for  270  keV 
Ne"*"  on  Kapton.  The  deposited  charge  was  increased 
for  this  analysis  to  increase  the  visibility  of  the  oxygen 
feature  and  improve  the  signal  to  background.  Recoil 
carbon,  oxygen  and  scattered  neon  are  observed  in 
addition  to  a  substantial  hydrogen  feature.  The  hydro¬ 
gen  region  is  transformed  from  time  into  energy  and 
displayed  in  fig.  2b.  The  atomic  concentration  of  hy¬ 
drogen  near  the  surface  may  be  calculated  using  rela¬ 
tions  derived  from  ref.  [11]: 


e(£o)  cos  $1 


X  100%, 


where 


Y 


(3) 


gives  the  concentration  in  atoms/cm^.  Y  is  the  yield 
over  the  energy  range  is  the  recoil  cross  sec¬ 

tion,  Q  is  the  number  of  incident  ions,  12  is  the  solid 
angle,  17  is  the  detector  efficiency,  and 


■K'SiEo)u,+ 


cos  62 


S(JC'£o)h.  (4) 


with  K'  the  recoil  kinematic  factor  and  S(E)  the 
stopping  cross  section  in  eV/10^^  atoms/cm^.  With 
=  $2,  the  angular  dependence  in  eqs,  (2)  and  (4) 
cancels.  We  estimate  the  hydrogen  atomic  concentra¬ 
tion  to  be  31  ±  5%,  in  reasonable  agreement  with  a 
prediction  of  26%  based  on  stoicheometry.  The  analyz- 
able  depth  for  Kapton  using  neon  is  approximately  100 
nm. 


apparent  while  little  variation  was  observed  in  the 
hydrogen  and  carbon  features  attributable  to  organic 
contaminants  which  are  not  affected  by  the  treatment. 
Based  on  our  experience  in  helium  backscattering  from 
silicon,  the  scattering  yield  from  the  substrate  is  stongly 
influenced  by  channeling  and  blocking.  We  therefore 
attribute  the  variation  in  size  of  the  recoil  Si  and 
scattered  Ar  features  to  the  random  orientation  of  the 
samples.  The  thickness  of  the  native  oxide  layer  was 
determined  to  be  15  A,  based  upon  an  estimate  of  the 
detector  efficiency  for  oxygen  of  roughly  25%  and  a 
density  of  2.5  g/cm^  of  Si02.  After  etching,  only 
-'lx  10*^  cm^^  of  oxygen  were  found  to  remain,  A 
third  silicon  sample,  etched  in  HF  but  not  rinsed,  had 
a  detectable  fluorine  residue  estimated  to  be  -'lx  10^"^ 
cm“^. 

The  fluorine  coverage  of  the  etched  Si  sample  prob¬ 
ably  approaches  the  limit  of  sensitivity  to  heavier  con¬ 
taminants  currently  possible  with  our  apparatus.  Be¬ 
cause  of  the  recoil  cross  section  and  detector  response, 
we  estimate  the  minimum  detectable  level  of  hydrogen 
to  be  lower.  Let  us  define  a  minimally  detectable 
feature  as  one  whose  integrated  yield  is  three  times  the 
standard  error.  Then  the  analysis  of  the  sample  of  pure 
titanium,  with  an  integrated  region  of  80  channels  for 
hydrogen  and  a  background  of  6  counts/channel 
nearby,  would  establish  a  minimum  detectable  cover¬ 
age  of  3  X  10^^  H  atoms/cm^  near  the  surface.  The 
lowest  limit  for  hydrogen  surface  sensitivity  we  have 
found  reported  in  the  literature  for  conventional  ERD 
is  1  X  10*^  H  atoms/cm^  [12].  The  result  was  based  on 
the  detection  of  a  single  recoil  H  atom.  Using  our 
sensitivity  criteria  this  limit  would  be  increased  by  at 
least  an  order  of  magnitude,  and  is  comparable  with 
our  reported  value. 


The  recoil  hydrogen  energy  spectra  for  pure  and 
hydrated  titanium  are  overlaid  in  fig  3.  Both  samples 
show  a  hydrogen  enrichment  at  the  surface  probably 
due  to  hydrocarbon  adsorption.  The  measured  hydro¬ 
gen  coverage  for  the  pure  sample  was  6  X  10^^  cm”^  at 
the  surface.  Our  measurements  yield  a  result  of  18  ± 
4%  for  the  bulk  atomic  hydrogen  concentration  in 
hydrated  titanium.  The  estimate  is  complicated  by  the 
fact  that  the  hydrogen  concentration  enters  into  the 
computation  of  the  stopping  cross  section  in  eq.  (4). 
Moreover,  depletion  of  hydrogen  near  the  surface  of 
the  hydrated  sample  was  observed  after  only  6.25  X  10^^ 
ions  were  deposited.  However,  this  is  still  roughly  5 
times  the  charge  deposited  during  a  typical  analysis. 

As  noted  in  table  1,  a  270  keV  argon  beam  is 
capable  of  simultaneously  resolving  hydrogen,  carbon, 
and  oxygen  surface  contaminants  on  silicon.  Fig.  4 
shows  the  time  of  flight  spectra  for  etched  and  un¬ 
etched  silicon  using  such  a  probe.  As  expected,  reduc¬ 
tion  in  the  native  oxide  caused  by  the  etch  is  very 


4.  Conclusion 

We  have  demonstrated  the  feasibility  of  elastic  re¬ 
coil  detection  of  light  elements  in  materials  using  270 
keV  ions  of  several  species  in  conjunction  with  time- 
of-flight  spectroscopy.  The  quantum  efficiency  for  hy¬ 
drogen  detection  of  the  present  detector  configuration 
is  approximately  30%  and  is  relatively  independent  of 
energy  in  the  range  studied.  Using  this  efficiency,  it  has 
been  possible  to  obtain  reasonable  agreement  between 
the  measured  and  theoretical  concentration  of  hydro¬ 
gen  in  Kapton.  Extrapolating  from  the  measurement  of 
hydrogen  in  titanium,  we  estimate  that  the  minimum 
detectable  areal  density  of  surface  hydrogen  is  about 
3  X  10^^  cm" ^  with  the  current  experimental  geometry. 
Experiments  currently  under  way  are  designed  to  study 
the  depth  resolution  of  the  technique  including  the 
degree  to  which  surface  and  bulk  hydrogen  can  be 
resolved. 
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We  describe  a  new  form  of  backscattering  spectrometry  using  medium-energy  ions  and  time-of-flight  detection  that  is  particularly 
useful  in  characterizing  surfaces  and  thin  films.  The  technique  uses  incident  ions  with  energies  from  a  few  tens  of  keV  up  to  about 
500  keV,  It  combines  the  advantages  of  conventional  Rutherford  backscattering.  including  insensitivity  to  the  scattered  ion’s  charge, 
with  increased  surface  sensitivity,  increased  depth  resolution  and  reduced  target  damage.  Several  ions  have  been  used  successfully  for 
analyses,  with  He^  and  at  270  keV  and  at  500  keV  being  particularly  useful  because  of  the  range  of  cross  sections  and  the 
resolution  for  depth  profiling  that  they  offer.  Measurements  of  heavy  constituents  on  low-mass  substrates  have  been  demonstrated  at 
the  2  X  level  and  depth  resolutions  of  less  than  4  nm  are  routinely  achievable.  In  this  article  we  review  the  current  status  of 

the  technique  with  particular  emphasis  on  its  use  in  applications  which  are  complementary  to  conventional  MeV  Rutherford 
backscattering. 


1.  Introduction 

For  nearly  two  decades  Rutherford  backscattering 
spectometiy  (RBS)  has  been  the  most  versatile  tool  for 
the  analysis  of  thin  films  [1].  Unlike  alternative  tech¬ 
niques,  it  is  quantitative  because  the  fundamental  inter¬ 
action  cross  section  is  well  known,  and  it  may  be  used 
to  measure  the  concentration  of  various  components  of 
a  sample  as  a  function  of  depth  without  overtly  destroy¬ 
ing  the  sample.  These  strengths  have  made  Rutherford 
backscattering  the  analytical  tool  of  choice  for  the  study 
of  semiconductor  device  structures  and  for  a  variety  of 
surface  related  physical  processes.  Nevertheless,  the 
fundamental  technology  for  performing  backscattering 
has  changed  little  since  the  technique  came  into 
widespread  use. 

The  key  step  in  backscattering  spectrometry  is  the 
energy  analysis  of  the  backscattered  particles.  Although 
some  early  experiments  explored  other  technologies,  the 
silicon  surface  barrier  detector  quite  quickly  became 
established  as  the  transducer  of  choice  for  this  measure¬ 
ment.  Surface  barrier  detectors  are  inexpensive,  rugged, 
insensitive  to  the  charge  state  of  the  particle,  approxi¬ 
mately  linear  in  energy,  and  have  unit  quantum  ef¬ 
ficiency  for  ions  such  as  He'*'.  This  formidable  combina¬ 
tion  of  assets  is  encumbered  by  only  a  few  minor 
liabilities,  the  most  significant  of  which  is  the  energy 
resolution  which  can  be  obtained.  For  He  ions,  the 
resolution  of  a  surface  barrier  detector  is  typically  in  the 
range  of  12-20  keV.  This  resolution,  along  with  the 
requirement  that  spectral  features  of  interest  be  re¬ 
solved,  establishes  a  practical  lower  limit  of  about  1 
MeV  for  the  incident  ion  beam  energy.  Thus,  an  accel¬ 


erator  of  significant  size  has  been  required  to  implement 
backscattering  spectrometry. 

In  two  previous  publications  we  have  described  a 
new  time-of-flight  detection  scheme  which  makes  it 
practical  to  do  backscattering  analyses  with  ion  beams 
having  energies  in  the  range  100-500  keV  [2,3].  We  call 
the  new  technique  medium-energy  backscattering  spec¬ 
trometry  (MEBS).  The  time-of-flight  detector  shares 
many  of  the  advantages  of  surface  barrier  detectors  but 
has  significantly  improved  resolution.  This  article  de¬ 
scribes  recent  improvements  to  the  detector  and  to  our 
accelerator  which  have  resulted  in  significant  improve¬ 
ments  in  resolution  and  sensitivity.  As  a  demonstration 
of  system  performance,  we  present  the  results  of  three 
measurements,  trace  element  analysis  on  an  aluminum 
surface,  the  thickness  of  the  SiOj  layer  at  the  surface  of 
a  TiSi2  filih,  and  the  selective  depletion  of  fluorine  from 
an  ion  beam  irradiated  CaF2  thin  film. 


2.  Experimental  procedure 

The  time-of-flight  detector  used  in  these  experiments 
is  shown  schematically  in  fig.  1.  It  was  used  in  place  of 
a  surface  barrier  detector  in  an  otherwise  conventional 
backscattering  configuration.  The  energy  of  the  ion 
beam  was  typically  270  keV  and  the  scattering  angle 
150®.  The  effective  solid  angle  for  detection  is  about 
10^"*  sr.  All  measurements  were  performed  in  a  bake- 
able  ultrahigh  vacuum  chamber.  The  relative  quantum 
efficiency  of  the  detector  as  a  function  of  energy  has 
been  measured  by  analyzing  a  thin  Au  film  on  Si  for 
various  beam  energies  in  the  range  50-270  keV.  The 
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Fig.  1.  Schematic  of  the  time-of-Hight  spectrometer  showing 
approximate  flight  distances,  biases,  and  external  electronics. 


time-of-flight  spectra  presented  here  have  been  rebin¬ 
ned  into  energy  spectra  with  random  coincidence  back¬ 
ground  subtracted  before  rebinning. 

The  two  principal  limitations  to  the  energy  resolu¬ 
tion  of  the  time-of-flight  detector  were  identified  in  ref. 
[2]  as  the  stability  of  the  primary  ion  beam  energy  and 
an  effect  arising  from  charge  exchange  in  the  carbon 
foil  shown  in  fig.  1.  Notice  that  a  particle  which  gains  or 
loses  electrons  in  passing  through  the  start  foil  will  gain 
or  lose  energy  in  increments  of  the  foil  bias.  Acting  as  a 
miniature  tandem  accelerator,  this  foU  dispersed  iso¬ 
lated  peaks  in  backscattering  spectra  into  at  least  three 
components  with  a  total  separation  of  twice  the  foil 
bias.  This  phenomenon  limited  the  effective  energy  reso¬ 
lution  of  the  detector  to  about  6  keV  because  a  3  keV 
bias  on  the  start  foil  was  required.  In  the  present 
configuration,  the  microchannel  plate  detector  has  been 
biased  with  its  cathode  at  -500  V  and  its  anode  at 
+ 1600  V  so  that  the  start  foil  bias  may  be  reduced  to 
—  800  V.  This  has  reduced  the  contribution  of  peak 
splitting  to  total  peak  width  to  about  1600  eV.  This 
resolution,  while  not  as  good  as  that  of  the  best  electro¬ 
static  analyzer  (typical  observed  resolution  about  1  keV 
as  shown,  e.g.,  in  fig.  9  of  ref.  [4])  is  such  that,  for  heavy 
ions,  we  believe  the  inelasticity  in  the  collision  process, 
which  has  been  estimated  at  1%  of  the  kinetic  energy 
[5],  dominates  the  observed  width  at  most  energies. 
Also,  the  time-of-flight  system*$  somewhat  lower  resolu¬ 
tion  is  offset  by  an  enormously  increased  throughput, 
since  it  does  not  require  tuning  to  each  energy  to  be 
detected. 

The  other  limitation  to  system  performance  was  the 
instability  of  the  accelerating  voltage.  This  has  been 
eliminated  by  installing  a  new  300  kV  high-voltage 
supply  on  the  accelerator.  The  new  supply  has  <  10  V 
of  ripple  at  full  power.  As  a  result  of  these  modifica¬ 
tions,  the  effective  energy  resolution  for  backscattering 
analysis  has  been  reduced  to  as  low  as  1800  eV  for  Li*^ 
at  270  keV  as  determined  by  the  edge  width  of  thick  Be 


target  yield  curves.  The  typical  width  of  isolated  peaks 
is  3-5  keV  using  this  beam. 


3.  Results  and  discussion 

Fig.  2  shows  a  270  keV  Li"**  backscattering  spectrum 
of  an  aluminum  foil  with  several  trace  constituents  on 
its  surface.  The  inset  shows  the  region  of  the  spectrum 
from  100  to  250  keV  expanded  vertically.  The  improve¬ 
ment  in  resolution  when  compared  with  previous  spec¬ 
tra  [2]  is  substantial.  The  width  of  the  aluminum  thick 
target  edge  is  3.2  keV  which  is  comparable  to  the  width 
(2.5  keV)  of  the  surface  oxygen  peak.  The  widths  of  the 
heavy  element  peaks  shown  in  the  inset  are  typically  5 
keV.  Overall,  the  mass  resolution  demonstrated  in  fig.  2 
is  comparable  to  that  which  can  be  obtained  with 
conventional  MeV  He"^  backscattering.  As  an  example, 
note  that  the  energy  separation  of  Br  and  Ag  peaks  in  a 
2  MeV  He"^  backscattering  spectrum  is  82  keV  or  about 
4-5  times  the  FWHM  of  an  isolated  peak.  This  com¬ 
pares  with  a  separation  of  3-4  FWHM  for  the  data  in 
fig.  2.  The  areal  density  of  gold  derived  from  the  data 
shown  is  3  X  10^^  cm"*^. 

The  most  dramatic  effect  of  the  enhanced  energy 
resolution  which  is  obtained  by  time-of-flight  detection 
is  an  improvement  in  the  depth  resolution  of  back- 
scattering  spectra.  The  stopping  power  of  ions  in  the 
200-300  keV  range  is  not  significantly  different  from 
that  of  1-3  MeV  ions.  Thus,  an  improvement  in  the 
detector's  energy  resolution  translates  directly  into  an 
improvement  in  depth  resolution.  In  order  to  demon¬ 
strate  this,  we  have  revisited  a  well  studied  problem 
which  is  relevant  to  semiconductors. 


Fig.  2.  270  keV  backscattering  spectrum  showing  trace 
elements  on  an  aluminum  surface.  The  total  beam  charge  was 
approximately  60  piC.  The  original  time-of-flight  data  have 
been  rebinned  into  an  energy  spectrum. 
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It  has  been  known  for  many  years  that,  when  certain 
silicides  oxidize,  the  net  effect  is  that  an  Si02  layer 
appears  at  the  surface  above  the  silidde  [6],  The  pres¬ 
ence  of  this  insulating  layer  over  what  is  nominally  a 
conductor  has  important  implications  for  semiconduc¬ 
tor  devices.  Previously,  in  order  to  investigate  this  layer 
and  to  measure  its  thickness  and  uniformity,  it  has  been 
necessary  to  use  a  combination  of  Auger  electron  spec¬ 
troscopy  and  sputtering  to  produce  depth  profiles.  In 
ref.  [6],  the  authors  note  that,  even  under  the  most 
favorable  conditions  of  analysis,  the  presence  of  the 
SiOj  is  not  directly  observable  by  backscattering.  Re¬ 
sults  of  Auger  depth  profiling  revealed  that  the  Si02 
layer  on  a  PtSi  film  was  <  5  nm  thick.  In  a  more  recent 
study  of  the  formation  of  a  TiSi2  film,  a  similar  Auger 
depth  profile  has  also  been  measured  [7].  These  authors 
did  not  estimate  the  Si02  layer  thickness.  However,  an 
examination  of  their  data  suggests  that  it  is  less  than  10 
nm. 

In  fig.  3  we  show  two  superposed  MEBS  spectra  of  a 
titanium  metal  foil  and  of  a  titanium  silicide  film  about 
80  nm  thick.  Both  spectra  were  obtained  by  270  keV 
Li*^  scattering  at  150®.  Notice  the  substantial  shift  in 
the  position  of  the  edge  of  the  titanium  peak,  the  slight 
discontinuity  in  slope  of  the  Si  edge  and  the  oxygen 
peak  which  sits  on  a  large  background  of  Si  counts. 
Both  the  high-energy  Si  edge  and  the  oxygen  peak  are  at 
precisely  the  energies  expected  for  scattering  at  the 
surface  of  the  material.  The  Ti,  on  the  other  hand,  is 
shifted  to  lower  energy  by  approximately  2  keV.  The 
conclusion  from  these  observations  is  that  silicon  and 
oxygen  are  present  at  the  target  surface  but  that  titanium 
is  not.  Furthermore,  since  titanium  is  completely  absent 
from  the  surface,  the  SiOj  film  can  be  assumed  to  be 
unbroken  and  approximately  uniform  in  thickness. 
Using  a  value  of  150  eV/10*^  molecules/cm^  for  the 


Energy  (keV) 


Fig.  3.  270  keV  y**  backscattering  spectra  showing  a  TiSi2 
^hin  nim  and  a  H  metal  foil.  The  displacement  of  the  Ti  edges 
is  a  result  of  approximately  3.5  nm  of  Si02  covering  the 
silicide.  These  analyses  were  each  performed  with  30  pC  of 
Li^ 


Fig.  4.  250  keV  He"^  backscattering  spectrum  showing  a  17  nm 
CaF2  film  before  (black  line)  and  after  (grey  line)  irradiation 
with  2X 10^^  ions/cm^.  Note  the  preferential  loss  of  F. 


stopping  power  of  the  270  keV  Li"^  in  Si02  and  2.2 
g/err?  for  the  density,  we  conclude  that  the  thickness  of 
the  Si02  layer  is  about  3.5  nm.  It  should  be  emphasized 
that  by  fitting  the  Ti  edge  with  an  appropriate  function 
it  is  possible  to  detect  with  confidence  shifts  in  its 
position  of  as  little  as  500  eV.  This  corresponds  to  a 
thickness  of  Si02  of  less  than  1  nm. 

Another  application  for  which  the  improved  depth 
resolution  of  MEBS  has  been  valuable  is  the  study  of 
radiation  effects  in  thin  films.  CaF2  has  attracted  sig¬ 
nificant  interest  recently  because  it  may  be  grown  epi¬ 
taxially  on  Si  and,  therefore,  is  a  candidate  as  an 
insulator  in  numerous  semiconductor  applications  [8]. 
Fig.  4  from  ref.  [9]  shows  the  result  of  an  experiment 
testing  the  effects  of  energetic  He*^  irradiation  on  room 
temperature  CaF2  thin  films.  CaF2  films  about  17  nm 
thick  were  subjected  to  270  keV  He^  irradiation  for 
fluences  up  to  2  X  10^^  He  and  were  periodically 
analyzed  by  MEBS  using  the  same  beam.  The  spectra 
shown  in  fig.  4  were  taken  before  and  after  irradiation. 
The  remarkable  conclusion  is  that  F  atoms  were  sys¬ 
tematically  depleted  without  loss  of  Ca.  The  rate  of  F 


a  z  4.  6.  a  10.  iz 


Beam  Charge  (mC) 

Fig.  5.  Evolution  of  the  fluorine  to  calcium  ratio  in  the  thin 
film  of  fig.  4  as  a  function  of  total  beam  charge. 
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loss  is  shown  in  fig.  5  which  displays  the  mean  fluorine- 
to-calcium  ratio  in  the  foil  as  a  function  of  total  de< 
posited  charge.  The  preferential  depletion  of  fluorine 
proceeds  to  near  completion  implying  significant  mobil¬ 
ity  of  fluorine  in  the  material.  The  initial  rate  of  loss  of 
fluorine  was  about  0.7  F  atoms/He'^.  Notice,  finally, 
the  calcium  peak  in  the  spectrum  of  fig.  4.  The  removal 
of  fluorine  from  the  lattice  has  resulted  in  a  surprising 
increase  in  the  height  of  this  peak;  however,  the  peak  is 
also  noticeably  narrower.  As  a  result,  the  total  number 
of  counts  ramains  unchanged.  This  reduction  in  peak 
width,  which  is  approximately  2.5  keV,  is  further  evi¬ 
dence  of  the  unique  depth  resolution  that  medium-en¬ 
ergy  backscattering  provides. 


4.  Conclusion 

High-resolution  medium-energy  backscattering  spec¬ 
trometry  is  a  powerful  complement  to  conventional 
MeV  Rutherford  backscattering  and  is  especially  useful 
for  the  study  of  processes  in  the  first  few  tens  of 
nanometers  of  a  material.  Using  270  keV  Li'*'  ions, 
MEBS  is  competitive  with  conventional  a  backscatter¬ 
ing  both  in  sensitivity  and  mass  resolution.  It  offers  a 
depth  resolution  of  less  than  1  nm  and  does  not  require 
a  large  particle  accelerator.  Current  work  suggests  that 
an  additional  factor  of  2  in  effective  energy  resolution 
may  be  achieved  using  the  detector  configuration  of  fig. 
1.  An  additional  factor  of  5  enhancement  in  sensitivity 
is  also  expected  by  improving  known  shortcomings. 
These  improvements  will  even  further  increase  the  num¬ 
ber  of  problems  which  may  be  attacked  by  backscatter¬ 
ing  techniques. 
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The  development  of  medium  energy  backsca tiering  with  ions  whose  energies  are  as  low  as  50  keV  and  whose  masses  range  up  to 
that  of  has  generated  the  need  for  accurate  and  efficient  mathematical  methods  for  the  computation  of  classical  cross  sections 
for  screened  Coulomb  collisions.  This  paper  presents  a  procedure  for  the  computation  which  preserves  most  of  the  accuracy  of  more 
elaborate  numerical  solutions  and  is  fast  enough  for  all  but  the  most  time  consuming  Monte  Carlo  calculations.  Comparisons  are 
made  between  this  approach  and  previous  compulations  and  approximations,  and  between  the  computed  scattering  cross  sections  for 
several  screening  functions. 


1.  Introduction 

It  is  often  necessary  in  the  routine  practice  of  par¬ 
ticle-solid  interaction  physics  to  compute  the  classical 
scattering  integral  or  the  cross  section  for  scattering  by 
a  screened  Coulomb  potential.  The  two  most  conspicu¬ 
ous  examples  are  the  reduction  of  backscattering  spec¬ 
tra  [1]  and  the  use  of  Monte  Carlo  simulation  programs 
such  as  TRIM  [2].  In  backscattering  spectrometry,  the 
effects  of  screening,  are  frequently  ignored.  However, 
for  precise  measurements,  this  is  not  possible  [3].  In 
order  to  correct  for  screening  the  authors  of  [3]  and 
other  groups  [4,5]  have  chosen  to  obtain  approximate 
expressions  for  the  cross  section,  or  more  precisely  for 
the  correction  to  the  Rutherford  cross  section,  as  a 
function  of  energy.  These  formulae  have  the  distinct 
virtues  of  being  easily  computable  and  quite  accurate 
for  weakly  screened  collisions,  but  they  are  inap¬ 
propriate,  in  general,  for  strongly  screened  collisions. 

In  the  past,  strongly  screened  collisions  have  been 
most  commonly  encountered  in  the  theories  of  the 
stopping  power  and  simulations  of  the  range  of  ions  in 
matter.  However,  it  has  been  recently  demonstrated 
that,  by  the  use  of  time-of-flight  detection,  high  quality 
backscattering  spectra  may  be  obtained  using  ions  with 
energies  from  a  few  tens  to  a  few  hundreds  of  keV 
where  screening  may  be  significant  [6].  For  the  proper 
interpretation  of  these  spectra,  the  relevant  cross  sec¬ 
tions  must  be  computed.  Although  the  basic  principles 
of  these  computations  are  well  known,  there  is  little 
guidance  in  the  literature  on  computing  them  effi¬ 


ciently.  As  a  result,  a  number  of  approximations  have 
been  suggested  [7-9]. 

In  this  paper  we  revisit  the  problem  of  computing 
the  classical  scattering  integral  given  an  arbitrary 
screening  function.  The  surprising  conclusion  which  we 
have  reached  is  that  it  is  possible  to  obtain  a  solution 
which  is  independent  of  the  precise  form  of  the  screen¬ 
ing  function,  which  may  be  computed  almost  as  effi¬ 
ciently  as  the  common  approximations,  and  which  is 
often  substantially  more  accurate. 


2.  The  scattering  integral 

The  essential  elements  of  the  problem  which  we 
consider  are  summarized  in  most  textbooks  on  mecha¬ 
nics  [10]  and  have  been  described  by  many  previous 
authors  [11-13].  They  are  repeated  here  in  order  to 
establish  the  notation  which  we  shall  use.  The  interac¬ 
tion  potential  is  assumed  to  take  the  form: 

m 

Here  and  Zj  are  the  charges  of  the  incident  and 
target  ions,  r  is  their  separation,  e  is  the  electron’s 
charge,  and  <l>  is  the  screening  function.  The  parameter 
a  is  the  screening  length.  Except  as  noted,  we  will  work 
in  the  center  of  mass  system  where  the  energy  of  the 
projectile  will  be  the  classical  impact  parameter  will 
be  h,  and  the  scattering  angle  will  be  6^,  Following  the 
conventional  approach  we  will  use  dimensionless  energy 
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and  length  variables  e  and  x  defined  so  that  ax 
and: 


*  Z^Z^e^/a  ■ 


(2) 


The  dimensionless  variable  corresponding  to  h  will  be 
”  b/a.  With  the  further  definition  of  the  function 
f(x): 


the  scattering  integral  becomes: 


=  TT  —  2 


Pf  (4) 


Here  the  function  a(€,  /i)  is  given  by: 


«)  -  /Jsin(«/2)/(  dz.  (9) 


The  computation  of  the  scattering  integral  may  be 
seen  from  (8)  to  be  a  matter  of  computing  a.  In  turn, 
for  computing  the  cross  section  one  needs  da/dfi  since: 


d<?c 

(xo-0  dXo/d;3  \  _  (  ^ 

8  \  da' 

d)8 

H  )“"(' 

:ojd^ 

(10) 


The  expression  for  da/dP  may  be  obtained  by  dif¬ 
ferentiating  (9).  Special  care  must  be  exercised  since  the 
expression  depends  on  P  both  explicitly  through  the 
function  /  and  implicitly  through  the  dependence  of  Xq 
on  p.  The  result  is: 


where  x^  =  r^/a  and  Tq  is  the  distance  of  closest  ap¬ 
proach.  Xy  is  given  by  the  solution  of  the  transcendental 
equation: 


[/(xq)]  ^=0  or  equivalently 

«  €  Xo 


(5) 


With  these  definitions,  the  (dimensionless)  differential 
cross  section  is  given  by: 


1 

dtf. 

IdCjc" 

sin(^c) 

diS 

Of  course,  there  is  no  general  analytical  expression 
for  the  integral  (4).  The  computation  is  complicated 
because  the  integral  is  improper  (since  the  integrand  is 
singular  at  Xq  and  the  upper  limit  is  infinite)  and 
because  one  does  not  ordinarily  know  either  the  impact 
parameter  p  or  the  distance  of  closest  approach  Xq  but 
rather  must  compute  them  for  the  observed  scattering 
angle.  The  standard  mathematical  maneuver  for  dealing 
with  both  an  integrable  singularity  and  an  improper 
limit  is  to  change  variables.  Both  irregularities  can  be 
handled  simultaneously  by  properly  choosing  a  new 
variable  to  replace  x.  Robinson  has  suggested  z  defined 
by  x  =  Xq/(1  -z^)  [12].  A  similar  expression  was  also 
used  by  Latta  and  Scanlon  [13].  The  choice  of  the  new 
variable  is  important  for  an  efficient  quadrature.  It  also 
affects  the  region  in  c  and  P  space  where  one  obtains 
the  least  variation  with  z  of  the  resulting  integrand.  We 
have  chosen  to  let 


cos(‘Tr2/2)  ’ 


(7) 


This  produces  an  integrand  which  is  always  unity  at 
z  =  1  and  which  in  nearly  independent  of  z  for  6  near  1. 
The  resulting  form  for  the  scattering  integral  is: 


(8) 


do  /■'  .  /  d/(x(z)) 

^=/^sin(irz/2) - ^ - dz, 

where  the  derivative  of  /  is  given  by: 

,2x--V2, 


(11) 


dfjx) 

dj8 


=  X 


[1  2e  J 

'  -JJ 

(12) 


with  X  is  given  in  terms  of  z  by  (7)  and 

dx(z)  /  1  \dxo 

d^  \  cos(itz/2)  j  d^ 


(13) 


The  derivative  of  Xq  follows  from  eq.  (5)  and  has  the 
explicit  form: 


dxp  _  2/3 

-*0  ^  i 


(14) 


Taken  together  the  above  equations  constitute  a 
complete  prescription  for  the  computation  of  the 
scattering  angle  and  cross  section  given  the  screening 
function,  the  reduced  energy,  and  the  impact  parameter. 
The  key  steps  in  the  computation  are  the  solution  of  (5) 
for  Xq,  the  computation  of  a(€,  P),  and  the  inversion  of 
eq.  (8)  to  obtain  ^  as  a  function  of  €  and  the  center  of 
mass  scattering  angle  0^. 


3.  Computation  of  Xq*  a,  and  P 

The  dimensionless  distance  of  closest  approach  Xq  is 
the  solution  of  eq,  (5).  Since,  it  is  usually  not  possible  to 
obtain  an  analytic  expression  for  xq  in  terms  of  €  and 
P,  a  numerical  solution  is  indicated.  Robinson  [12]  and 
most  subsequent  authors  have  solved  for  xq  using  New¬ 
ton’s  method.  This  technique,  which  requires  a  single 
initial  guess,  exhibits  quadratic  convergence,  so  that  the 
number  of  significant  digits  doubles  with  each  iteration 
[14].  However,  it  also  requires  that  both  the  screening 
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function  and  its  derivative  be  evaluated  at  each  stage  of 
the  iteration.  The  secant  method,  which  requires  two 
initial  starting  values  instead  of  one  [15],  converges 
more  slowly  (as  5^*^)  but  only  requires  one  evaluation  of 
the  screening  function  at  each  stage.  We  have  compared 
three  techniques  for  the  solution  of  this  problem,  one 
using  Newton’s  method,  one  using  the  secant  method 
and  one  using  a  combination  of  the  two.  We  have  found 
that,  for  a  given  convergence  criterion,  using  one  New¬ 
ton’s  method  step  to  refine  the  initial  guess  followed  by 
secant  method  iterations  is  about  10%  faster  on  average 
than  using  Netwon’s  method  exclusively.  Clearly,  how¬ 
ever,  both  techniques  depend  for  rapid  convergence 
upon  the  quality  of  the  initial  guess  (or  guesses)  for  Xq. 

In  the  FORTRAN  implementation  of  the  TRIM 
algorithm  presented  in  ref.  [16],  the  authors  used  an 
empirical  method  for  obtaining  the  initial  guess  for  Xq 
which  is  often  very  accurate  for  soft  collisions,  but  not 
very  good  for  the  high-angle  collisions  encountered  in 
ion  backscattering.  We  have  chosen  a  different  ap¬ 
proach.  If  €  is  large,  then  a  good  first  guess  of  Xq  is  the 
exact  value  for  unscreened  collisions  which  is  given  by 
the  solution  of  (5)  with  <f>(A:)  =  1,  or: 


(15) 


An  expression  to  use  for  small  €  (say  €  <  5)  may  be 
obtained  by  observing  that,  if  <>(jc)  =  where  k  is 
a  constant,  then  eq.  (5)  can  be  solved  with  the  result: 


X 


2  _ 
0  “ 


(16) 


Notice  that  if  ^5  =  0,  the  distance  of  closest  approach  is 
Defining  p  to  be  the  distance  of  closest  ap¬ 
proach  for  head  on  collisions,  one  can  write: 


Now  clearly  p  is  only  a  function  of  €,  so  eq.  (17)  may  be 
viewed  as  a  method  of  extrapolating  from  p  for  a 
head-on  collision  to  an  estimate  of  the  corresponding 
value  for  a  collision  with  reduced  impact  parameter  p. 
We  have  obtained  an  empirical  expression  for  p(c) 
using  the  Universal  potential  [7],  However,  this  expres¬ 
sion  is  adequate  for  making  the  initial  guess  of  jcq  for 
all  the  potentials  that  we  have  examined.  This  is  given 
by  the  following  expression  where  y  =  ln(c): 

111(10“)  »  -(3.517  X  10"“/  +  1.401  X  10"V^  +  2.393 

Xl0-y  +  2.734j;  + 2.220).  (18) 

Although  originally  constructed  for  the  range  10"‘<< 
<  1,  this  expression  is  acceptable  for  c  values  up  to  5. 
For  e  <  5,  the  algorithm  for  the  computation  of  Xq  as  a 
function  of  c  and  consists  of  computing  p  using  eq. 
(18),  obtaining  an  initial  guess  for  xo  by  eq.  (17), 


refining  this  estimate  by  one  Newton’s  method  itera¬ 
tion,  and  continuing  to  iterate  using  the  secant  method 
until  the  desired  precision  is  reached.  For  c  >  5,  eq.  (15) 
is  used  to  obtain  an  initial  estimate  for  xq  directly. 
Alternatively,  one  can  use  Newton’s  method  exclusively 
with  little  loss  of  speed.  It  is  significant  for  the  work 
below  that  this  procedure  is  especially  fast  for  yS  1. 

Most  previous  computations  of  the  cross  section  or 
the  scattering  integral  have  involved  Gaussian  quadra¬ 
tures  of  rather  high  order.  For  example,  Robinson’s 
tables  [12]  are  constructed  using  96  point  Gauss- Mehler 
and  100  point  Gauss- Legendre  quadratures.  Such  pre¬ 
cision  is  certainly  an  appropriate  precaution  when  pre¬ 
paring  tables  for  reference,  but  it  is  hardly  convenient 
for  routine  computation.  As  Robinson’s  work  shows, 
however,  lower  order  quadratures  are  often  very  accu¬ 
rate.  For  the  computation  of  a,  we  have  chosen  to  use 
the  Lobatto  quadrature  [17].  This  is  a  variation  of 
Gaussian  quadrature  ‘in  which  the  integrand  is  sampled 
at  the  two  end  point  as  well  as  at  points  within  the 
range  of  integration.  This  procedure  is  well  suited  to  the 
present  problem  since  the  integrand  of  eq.  (9)  is  always 
1  at  2  =  1.  It  is  straight  forward  to  compute  the  limiting 
value  at  z  ==  0  also.  The  resulting  expression,  which  is 
defined  to  be  Ao» 

\o^limsin(../2)/(^^-^) 


IL 

2x1 


-1/2 


(19) 


For  routine  computations,  adequate  accuracy  is  ob¬ 
tained  by  using  the  fourth  order  Lobatto  quadrature 
which  requires  this  limit  and  only  two  additional 
evaluations  of  the  function  at  intermediate  points.  Thus, 
we  have: 


cos(“tTzy2)  =0.9072248, 
cos(itz2/2)  =0.4206461, 


sin(irzi/2)  =0.4206461, 
sin(“irz2/2)  =  0.9072248. 

(20) 


From  which  it  follows  that: 

““  Tif*  +  ^0  +  5|o.4206/^  0.9072  ) 

+0.9072/(5^)]},  (21) 

This  expression  along  with  equations  (19),  (3)  and  (8) 
are  the  solution  for  6^  given  e  and  A  comparison  of 
the  results  for  the  Moliere  screening  function  using  this 
fourth  order  quadrature,  a  tenth  order  Lobatto  quadra¬ 
ture  and  Robinson’s  tables  is  given  below.  We  observe, 
with  reference  to  eq.  (8),  that  for  small  a  loss  of 
precision  results  from  the  subtraction  of  two  terms  with 
values  near  1.  For  applications  such  as  the  TRIM 
algorithm,  where  is  being  obtained  as  a  function  of  £ 
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and  it  is  belter  to  compute  a  quantity  such  as 
sin(^^./2)  since: 

sin(  6J1)  =  cos(  vPa/lxQ ).  (22) 

The  last  numerical  algorithm  which  is  needed  for 
computing  the  scattering  integral  is  a  procedure  for 
inverting  eq.  (8)  to  give  as  a  function  of  6^,  and  c. 
Since  (8)  is  also  a  transcendental  equation,  it  is  im^ 
portant  to  find  good  initial  guesses  for  a  root.  An  upper 
limit  to  P  is  always  given  by  the  unscreened  value: 

^R-[2€tan(<?,/2)]"\  (23) 

However,  for  small  €  or  large  P  this  estimate  is  much 
too  large.  Another  estimate  is  suggested  by  examining 
the  numerical  values  of  a(e,  P).  It  is  a  remarkable  fact 
that  a  never  differs  from  unity  by  more  than  about  30% 
for  all  physically  reasonable  pairs  of  €  and  p.  Thus,  a 
surprisingly  good  estimate  of  p  may  be  made  by  setting 
a  «  1  in  eq.  (8).  One  thus  obtains: 

(24) 

which  is  the  defining  relation  for  y.  By  substituting  this 
value  for  P  in  eq.  (5)  one  obtains  a  scaling  law  which 
says  that  a  good  estimate  for  P  is  y  times  the  distance 
of  closest  approach  corresponding  to  energy  (1  -y^)€ 
and  impact  parameter  0.  This  is  quite  convenient 
numerically  since  the  algorithm  for  Xq  is  particularly 
fast  and  accurate  for  head-on  collisions.  By  extending 
this  idea  and  using  the  extrema  of  a  values,  it  is 
possible  to  place  limits  on  the  value  of  p.  Thus,  we 
arrive  at  an  algorithm  for  inverting  eq.  (8).  Let  be 
the  distance  of  closest  approach  corresponding  to  en¬ 
ergy  (1  -  y^)€  and  impact  P  =  Q  and  let  p^  =  yXfj,  Then: 

€  ^  1  O.IOPq  <  P<{2€  lan(^c/2))~\ 

c<l  0,90p^,<P<\Apo.  ^  ^ 

We  bracket  the  root  using  the  relations  (25)  and  apply 
the  secant  method  iteratively  (using  eq.  (8))  until  the 
desired  convergence  is  obtained.  Note  that  the  numeri¬ 
cal  values  used  in  (25)  are,  again,  specifically  for  the 
Universal  potential  but  are  adequate  for  other  poten¬ 
tials  as  well. 


4.  Computation  of  the  cross  section 

As  indicated  in  eq.  (6),  the  cross  section  is  obtained 
by  differentiating  6^  with  respect  to  p,  Robinson  [12] 
chose  to  do  this  numerically  using  a  central  difference 
method.  Certainly,  numerical  differentiation  is  ap¬ 
propriate  for  this  problem.  However,  in  general,  it  is 
unstable.  For  most  computations  we  prefer  the  integral 
procedure  outlined  in  eqs.  (10)-{14).  For  maximum 
accuracy  and  speed,  one  would  normally  choose  an 
adaptive  quadrature  such  as  the  one  given  in  ref.  [18] 


rather  than  the  fixed-point  methods  which  have  been 
used  previously.  Note,  however,  that  since  the  integrand 
of  eq,  (9)  is  constant  at  the  upper  limit,  the  integrand  of 
(11)  vanishes  there.  Based  upon  examination  of  several 
specific  instances  of  the  integrand,  we  speculated  that  a 
relatively  low  order  Lobatto  quadrature  might  also  be 
appropriate  for  this  case  and  this  speculation  was  con¬ 
firmed  by  numerous  comparisons  between  the  two 
methods.  There  is,  in  fact,  a  danger  in  using  an  adaptive 
quadrature.  Although  the  algorithm  discussed  in  ref. 
[18]  was  deemed  satisfactory  in  ail  cases,  a  much  sim¬ 
pler  adaptive  quadrature  [19]  which  is  normally  quite 
robust,  found  a  nonexistent  singularity  near  z  =  0  when 
computing  cross  sections.  This  artifact  of  round-off 
error  served  as  a  sobering  reminder  of  the  pitfalls  which 
may  be  encountered  in  a  “routine”  computation  using 
“standard  numerical  procedures”.  We  have  found  that, 
when  performing  the  integral  (11)  using  expression  (12), 
significant  round-off  may  be  experienced  for  small  z 
values  even  when  using  double  precision  arithmetic. 
Greater  overall  accuracy  will  ordinarily  be  obtained  by 
using  fewer  point  and  the  following  limiting  expression 
which  is  needed  for  the  Lobatto  quadrature: 


lim  sin 

z-O 


where: 


1 

^*2^24 


_L  .  £(fo) 

^0  2g« 


4>'(^o) 

2« 


(26) 


(27) 


Because  of  the  greater  variation  of  the  integrand  in  eq. 
(11),  our  standard  routine  for  the  cross  section  uses  a 
sixth  order  Lobatto  quadrature. 

For  computations  on  a  hand-held  calculator,  a  sim¬ 
pler  approach  to  computing  cross  sections  has  been 
found  to  be  quite  accurate.  This  involves  the  use  of 
inverse  quadratic  interpolation  to  obtain  both  P  (for  a 
given  ^j.)  and  its  derivative  [20].  The  parameter  a  is 
computed  using  4-point  Lobatto  integration  as  de¬ 
scribed  above,  but  the  integrand  is  evaluated  explicitly 
at  a  point  near  z  -  0  to  estimate  its  value  at  the  origin, 
rather  than  being  computed  exactly  from  eq.  (19)  which 
requires  the  derivative  of  the  potential.  In  this  proce¬ 
dure,  one  simply  examines  successive  values  of  0(p) 
until  the  actual  value  of  6  is  bracketed  and  then  inverse 
interpolates  to  obtain  the  value  of  p  corresponding  to 
this  angle.  The  derivative  is  obtained  as  a  by-product  of 
the  calculation.  Since  for  most  backscattering  calcula¬ 
tions  P  is  not  less  than  70%  of  the  value  computed 
assuming  a  Rutherford  collision  [from  eq.  (23)],  this 
procedure,  starting  with  p  —  pj^  and  stepping  down¬ 
wards  in  10%  steps  usually  takes  only  2  or  3  steps  to 
bracket  the  correct  value  of  p.  With  the  bracketing 
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values  and  a  central  point,  inverse  quadratic  interpola¬ 
tion  simultaneously  yields  a  very  good  value  of  both  ^ 
and  d^/djS.  To  save  code  space  (at  the  expense  of  a 
little  speed),  the  calculator  version  uses  the  Rutherford 
value  for  an  initial  guess  for  jco  rather  than  using  eq. 
(18)  and  uses  the  built  in  root  finder  of  the  HP-28S 
caculator  to  refine  this  value.  What  this  approach  may 
lack  in  elegance,  it  more  than  makes  up  in  simplicity 
and  speed.  The  calculator  implementation  provides  cross 
sections  which  agree  with  the  more  elaborate  calcula¬ 
tions  to  about  0.1%.  The  computation  takes  about  5-10 
seconds  for  t  >  0.01  and  9^.  >  90  ® .  Thus,  for  most  eases 
of  practical  interest,  an  extremely  abbreviated  al¬ 
gorithm,  requiring  only  the  screening  function  and  no 
analytic  derivatives,  can  provide  accuracy  which  ex¬ 
ceeds  that  of  any  available  potential.  Even  on  a  larger 
computer,  for  collisions  with  t  >  0.01  and  back  angles, 
this  implementation  is  a  useful  alternative  to  the  full 
computation  described  above. 


5.  Numerical  results 

In  order  to  test  the  accuracy  of  the  above  procedures 
we  have  duplicated  Robinson’s  calculations  [12]  for  the 
Moliere  screening  function  which  is  given  by: 

4>„,(x)  =0.35  exp(-0.3x)  +0.55  exp(-1.2x) 

+  0.10  exp(  -  6x ) .  (28) 


The  results  of  these  computations  are  shown  in  fig.  1 
and  table  1.  Table  1  contains  a  selection  of  repre.senta- 
live  values  of  9^  and  corresponding  cross  sections 
with  the  order  of  quadrature  shown  in  the  column 
headings.  Note  that,  following  Robinson's  convention, 
we  have  tabulated  4*::  times  the  differential  cross  sec¬ 
tion.  In  all  cases,  the  distances  of  closest  approach  are 
equal  to  Robinson’s  tabulated  values  to  the  precisions 
shown  in  the  table.  The  values  of  9^  and  the  cross 
sections  obtained  with  tenth  order  quadratures  agree 
with  Robinson’s  values  to  a  few  parts  in  10^.  Fig.  la  is  a 
contour  map  showing  the  error  in  the  value  of  9^.  which 
is  incurred  by  using  the  fourth  order  Lobatto  quadra¬ 
ture  (eqs.  (21),  (19),  (3),  and  (8))  in  place  of  the  more 
precise  procedure.  Fig.  lb  shows  a  similar  plot  for  the 
cross  section.  In  the  case  of  the  scattering  angle,  Robin¬ 
son’s  values  are  considered  to  be  definitive.  It  is  dif¬ 
ficult  to  judge  the  precision  of  the  cross  section  values 
since  Robinson  did  not  give  details  of  his  numerical 
differentiation.  However,  the  point  is  irrelevant  since  all 
values  agree  to  a  precision  which  exceeds  the  quality  of 
the  screening  function  and  of  the  description  of  the 
collision  in  those  terms. 

One  of  the  most  extensive  discussions  of  the  screen¬ 
ing  correction  to  the  Rutherford  cross  section  is  that 
which  given  in  ref.  [4]  by  Andersen  and  coworkers. 
They  show  experimental  data  which  establish  the  valid¬ 
ity  of  the  screening  correction  which  they  propose. 
While  this  correction,  following  the  spirit  of  ref.  [3],  is  a 


Fig.  1.  Contour  plots  of  the  relative  errors  in  a)  9^  and  b)  (da/dQ)  which  are  incurred  by  using  the  lower  order  quadratures  for  the 
scattering  problem  with  Moliere  screening  function.  The  contour  interval  in  a)  is  0.04%  and  in  b)  is  0.1%.  These  figures  indicate  that 

for  most  practical  purposes  the  simple  soluiion.s  suffice. 
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Table  1 

Representative  numerical  values  of  distances  of  closest  approach  in  reduced  units,  scattering  angles  9^  in  degrees,  and  cross 
sections  4iT(da/di2)  is  reduced  units  for  various  values  of  «  and  ^  for  the  Molidre  screening  function.  The  order  of  the  quadratures 
used  for  the  computation  are  given  in  the  column  headings. 


€ 

$ 

^0 

9,  (4th) 

9^  (lOih) 

1.0  E-03 

5.0  E-01 

11.4162361 

173.61373 

173.62814 

253,50019 

254.64592 

1.0  E-03 

2.0E+01 

20.3896494 

6,92354 

6.89720 

60737.081 

60954.151 

1.0  E-01 

2.0  E-01 

2.2097357 

163.91113 

163.90159 

6.5146334 

6.5070475 

l.OE-01 

8.0  E +00 

8.1532189 

4.73609 

4.74710 

40733.430 

40650.216 

l.OE  +  Ol 

2.5  E-02 

0.0952773 

123.53774 

123.58530 

0.011260996 

0.011276772 

1.0  E-hOI 

l.OE+00 

1,0211878 

3.42319 

3.42275 

2387,1452 

2386.9955 

correction  to  the  cross  section^  it  nevertheless  uses  the 
slope  of  the  Lenz- Jensen  screening  function  at  origin  as 
an  input  parameter.  In  order  to  verify  that  our  compu¬ 
tations  agree  with  Andersen’s  data,  we  have  computed 
the  cross  section  for  a  collision  using  the  Lenz-Jensen 
screening  function  and  the  Lindhard  screening  radius 
and  show  this  computation  along  with  Andersen’s  ap¬ 
proximate  expression  in  fig.  2.  This  comparison  serves 
both  to  confirm  that  our  computation  agrees  with  ex¬ 
periment  in  the  high  energy  region  and  to  quantify  the 
deviation  of  Andersen’s  approximation  in  the  low  en¬ 
ergy  region.  The  form  used  for  the  Lenz-Jensen  screen- 


Fig.  2.  The  differential  cross  sections  for  ^Li  scattering  from 
at  laboratory  angle  of  150®  and  energies  in  the  range  1 
keV  to  1  MeV.  The  results  are  expressed  as  a  fraction  of  the 
unscreened  Rutherford  value.  The  solid  line  is  the  result  of  the 
computation  de.scribed  in  this  paper  applied  to  the  Lenz-Jen¬ 
sen  potential  with  Lindhard  screening  radius.  The  dashed  line 
is  the  angle  independent  approximation  obtained  from  eq.  (14) 
of  ref.  (4].  The  data  points  indicated  were  computed  on  a 
Hewlett-Packard  28S  calculator  using  the  abbreviated  proce¬ 
dure  described  in  the  text. 


ing  function  is  given  by  Gombas  [21]  and  also  by 
Loftager  and  collaborators  [22],  It  is 

==  ®xp(->')(l  +y  -H  0.3344y^  -h  0,0485y^ 

+  2.647  X  10-y), 

where  y  -  3.108jc*/^.  (29) 

The  slope  of  this  function  at  the  origin  is  - 1.599  and  is 
nearly  equal  to  the  corresponding  slope  of  the 
Thomas- Fermi  screening  function  which  is  -1.588. 
Both  functions  have  weakly  divergent  second  deriva¬ 
tives. 

It  is  interesting  that  the  Universal  screening  function 
has  a  slope  of  only  -1.188  and  finite  second  derivative 
at  origin.  To  test  the  effects  of  these  differences,  we 
have  calculated  the  cross  section  for  a  typical  collision 
using  the  Universal  potential  with  Biersack’s  screening 
radius  [7].  The  results  are  shown  in  fig.  3  along  with  the 
equivalent  results  using  Lenz-Jensen  and  Moliere 
screening  and  the  Lindhard  screening  radius.  The  rela¬ 
tively  large  differences  in  cross  sections  at  high  energies 
are  consistent  with  the  significant  differences  in  the 
slopes  and  curvatures  at  origin  and  are  not  com¬ 
pensated  for  by  differences  in  the  screening  radii. 

O’Connor  and  Biersack  have  undertaken  an  exten¬ 
sive  review  of  interatomic  potentials  in  which  they 
conclude  that  the  Universal  potential  agrees  best  with 
experimental  data  [23]  and  should  be  selected  for  gen¬ 
eral  use.  However,  the  scheme  which  they  use  for  de¬ 
termining  quality  of  fit  does  not  properly  account  for 
the  observation  that  very  near  origin  the  statistical 
atoms  are  quite  accurate  when  compared  with  self  con¬ 
sistent  field  calculations  [24].  In  light  of  the  data  of  refs. 
[4]  and  [22],  and  the  results  displayed  in  fig.  3,  it  seems 
most  appropriate  to  recommend  the  use  of  the  Lenz- 
Jensen  potential  over  the  Universal  potential  for  back- 
scattering  computations.  For  highest  reliability  one 
should,  of  course,  use  screening  functions  derived  from 
self-consistent  field  calculations.  For  simulations  of 
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Fig.  3,  The  differential  cross  section  for  ^Li*^  scattering  from 
“^^Bi  at  laboratory  angle  of  150®  for  the  Lenz- Jensen  poten¬ 
tial  (solid  line),  Moiiere  potential  (symbols),  and  Universal 
potential  of  ref.  [7]  (dashed  line).  The  results  are  expressed  as 
fractions  of  the  corresponding  value.s  for  unscreened  Ruther¬ 
ford  collisions.  The  lack  of  consistency  is  a  result  of  the  poor 
performance  of  the  Universal  screening  function  near  .v  =  0. 


heavy  ion  bombardment  at  typical  ion  implantation 
energies,  the  Universal  potential  appears  to  be  com¬ 
pletely  satisfactory  [7].  We  observe  that  a  screening 
function  with  proper  slope  and  curvature  at  and  near 
the  origin  combined  with  the  excellent  behavior  of  the 
Universal  potential  for  larger  radii  would  be  a  useful 
addition  to  the  literature. 


6.  Conclusion 

A  set  of  algorithms  is  presented  which  may  be  used 
for  accurately  and  efficiently  computing  classical 
scattering  integrals  and  cross  sections  for  screened 
Coulomb  collisions.  The  algorithms  are  generic  and  will 
work  with  arbitrary  screening  functions.  The  simplicity 
and  speed  of  the  algorithms  are  such  that  they  may  be 
implemented  and  used  conveniently  on  virtually  any 
computing  device  including  programmable  scientific 
calculators.  When  compared  with  previously  available 
approximations,  they  offer  greater  accuracy  at  the  ex¬ 
pense  of  a  modest  penalty  in  speed.  While  somewhat 
slower  than  the  so  called  “magic  formula”  approxima¬ 
tion  employed  in  TRIM  [2]  or  the  series  expansion  of 
ref.  [9],  the  present  methods  are  nevertheless  fast  enough 
for  use  in  a  Monte  Carlo  simulation  if  highest  accuracy 
for  high  energy  collisions  is  desired.  A  comparison  of 
the  cross  sections  obtained  for  the  Lenz-Jensen, 
Moiiere,  and  Universal  potential  suggests  that  the 
Lenz-Jensen  is  most  appropriate  for  high  energy  colli¬ 
sions. 
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Magnesium  duoride  coatings  170  A  thick  have  been  evaporated  onto  mirror-quality  Be 
substrates  in  ultrahigh  vacuum  and  subsequently  subjected  to  250  keV  a  particle  irradiation 
at  room  temperature.  Analysis  of  the  irradiated  area  by  medium  energy  backscattering 
spectrometry  revealed  that  the  irradiation  selectively  removed  fluorine  with  an  initial  yield  of 
2.2  fluorine  atoms  per  incident  a  particle.  A  visible  degradation  in  reflectivity,  which 
became  progressively  more  extensive  with  increasing  dose,  was  observed  after  an  a  particle 
fluence  of  10*^  cm  "  After  a  total  irradiation  of  4x  10*’  cm  "  ^  less  than  20%  of  the 
fluorine  in  the  film  remained,  effectively  ,  reducing  it  to  metallic  magnesium.  The  effect  of  this 
change  on  the  reflectivity  of  the  surface  was  catastrophic. 


Magnesium  fluoride  is  a  common  optical  coating  ma¬ 
terial.  It  is  used  because  it  is  robust,  easily  evaporated,  and 
has  high  transmission  well  into  the  ultraviolet  portion  of 
the  spectrum.  Perhaps  the  most  conspicuous  use  of  the 
material  is  as  the  final  coating  of  the  surface  of  the  primary 
mirror  of  NASA’s  Hubble  Space  Telescope.  This  mirror  is 
made  of  an  ultralow  expansion  titanium  silicate  glass  with 
a  reflective  surface  of  aluminum.  The  final  coating  on  the 
surface  is  MgF2.  The  purpose  of  this  coating  is  to  inhibit 
the  formation  of  an  oxide  layer  on  the  aluminum  which 
would  limit  the  usefulness  of  the  telescope  in  the  ultraviolet 
portion  of  the  spectrum.  The  MgF2  is,  in  effect,  a  transpar¬ 
ent  blanket  that  shields  the  aluminum  surface  from  oxygen 
in  the  atmosphere,  protecting  it  from  oxidation  before  the 
telescope  is  launched  into  earth  orbit. 

The  primary  mirror  of  the  space  telescope  is  located 
deep  within  the  instrument  and  is,  therefore,  relatively  well 
shielded  from  the  space  environment.  However,  the  scale 
of  the  Space  Telescope  project  serves  to  underscore  the 
importance  of  understanding  the  long  term  behavior  of 
materials  in  a  radiation  environment.  Although  there  is  a 
significant  body  of  literature  dealing  with  desorption  and 
other  radiation  damage  processes  in  single-crystal  alkaline 
earth  fluorides,*  previous  work  using  ion  irradiation  and 
thin-film  targets  appears  to  be  quite  limited.^ 

The  purpose  of  this  woric  was  to  determine  the  effects 
of  energetic  a  particle  bombardment  on  thin  evaporated 
MgF2  films  in  the  thickness  range  commonly  used  for  coat¬ 
ing  optical  elements.  The  analytical  tool  used  to  determine 
film  thicknesses  and  compositions  was  medium  energy 
backscattering  spectrometry.^  This  t^hnique  is  a  form  of 
backscattering  spectrometry  which  uses  a  medium  energy 
primary  beam  and  time-of-flight  detection  of  the  scattered 
particles  to  achieve  results  similar  to  conventional  Ruther¬ 
ford  backscattering  with  MeV  ions.  In  order  to  obtain  data 
of  the  highest  quality,  an  electrically  conducting  substrate 
of  low  atomic mass  was  essential  The  low  atomic  mass 
minimized  backscattering  from  the  substrate  while  the 
high  electrical  conductivity  miniinized  electric  fields  in  the 
sample  produced  by  beam-induced  charge  displacement. 
To  meet  these  requirements,  we  chose  to  use  as  a  model 
system  fused  silica  with  an  evaporated  Be  film  thicker  than 
the  a  particle  range.  The  native  oxide  surface  of  this  film 


was  coated  with  an  evaporated  MgFj  layer  in  an  ultrahigh 
vacuum  chamber  (base  pressure  2x  10*“  Torr)  at  room 
temperature.  The  film  was  determined  by  subsequent  back- 
scattering  analysis  to  be  170  A  thick  assuming  a  typical 
density  for  MgF2  g/cm^.  The  irradiation  of  the  sam¬ 
ple  took  place  in  an  ultrahigh  vacuum  scattering  chamber 
(base  pressure  3X 10”  Torr)  in  the  300  kV  Accelerator 
Laboratory  at  Vanderbilt.  Figure  1  shows  the  sample  as  it 
appeared  in  the  vacuum  chamber  before  the  irradiation. 

The  experiment  consisted  of  alternating  sequences  of 
irradiation  by  250  keV  a  particles  and  evaluation  by  me¬ 
dium  energy  backscattering  spectrometry  also  using  250 
keV  a  particles.  During  irradiation,  the  a  particle  beam 
was  rastered  to  produce  a  uniform  beam  spot  of  —0.2  cm^. 
The  current  delivered  onto  the  target  during  each  such 
irradiation  was  about  1.5  fiA  for  an  integrated  dose  of  1,25 
mC  or  equivalently  a  fluence  of  about  4x  10*^  cm  ”  Dur¬ 
ing  measurements,  the  current  was  about  200  nA  and  an 
additional  50.0  /iC  was  deposited  in  an  area  of  about  0.07 
cm^.  This  gave  an  additional  fluence  in  the  measurement 
region  of  about  4x  10*^  cm  ”  Alternating  periods  of  ir¬ 
radiation  and  measurement  were  continued  until  the  total 
fluence  of  a  particles  iir  the  measurement  region  was 
4X10*’ cm” I 

The  results  of  the  experiment  arc  presented  in  Figs. 
2-4.  Figure  2  shows  the  ratio  of  fluorine  to  magnesium  in 
the  film  as  a  function  of  irradiated  dose.  The  initial  rate  of 
removal  of  fluorine  was  2.2  F  atoms/a  particle.  This  di¬ 
minished  in  proportion  to  the  quantity  of  fluorine  remain¬ 
ing  in  the  film.  The  magnesium  content  of  the  film  re¬ 
mained  constant  throughout  the  last  six  cycles  of 
irradiation  to  within  the  experimental  uncertainty.  An  ini¬ 
tial  loss  of  magnesium  is  discussed  below.  Figure  3  shows 
a  time-of-flight  backscattering  spectrum  of  the  film  after 
the  full  erosion  dose  was  delivered. .  Notice  peaks  corre¬ 
sponding  to  Mg,  F,  and  the  native  oxide  on  the  Be  surface. 
The  small  step  feature  near  270  ns  results  from  scattering 
in  the  Be  layer  which  is  thicker  than  the  present  measure¬ 
ment  can  resolve.  This  spectrum  shows  the  nature  of  the 
data  leading  to  Fig.  2  and  verifies  that  the  irradiation  did 
not  result  in  the  deposition  of  contaminants  such  as  car¬ 
bon.  The  optical  effect  of  the  removal  of  the  fluorine  is 
shown  in  Fig.  4,  which  is  an  image  of  the  target  taken  after 
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FIG.  3,  Time-of-flight  medium  energy  backscattering  spectrum  of  the 
MgFi  film  after  completion  of  the  erosion.  Note  that  the  fluorine  peak  is 
well  resolved  from  the  native  oxide  on  the  Be.  The  irradiation  clearly  did 
not  leave  any  contaminants  such  as  C. 


FIG.  1.  Be  mirror,  2.5  cm  in  diameter,  with  MgFj  coating.  The  rectan¬ 
gular  area  at  the  bottom  of  the  mirror  was  masked  to  serve  as  a  control. 

the  second  irradiation  (fluence  =  9x  10*^  The  ir¬ 

radiated  area  is  the  dark  square  on  the  mirror  disk.  The 
damage  to  the  film  is  unmistakable  here  even  though  the 
fluorine  removal  is  only  about  25%. 

There  are  two  remarkable  aspects  to  these  data.  The 
first  is  the  size  of  the  initial  yield  of  fluorine  (2.2  atoms/a 
particle)  in  comparison  with  the  negligible  yield  of  Mg. 
Alone,  this  large  difference  in  sputtering  (or  desorption) 
yields  would  quickly  lead  to  a  highly  enriched  Mg  layer 
and  a  much  reduced  yield  of  F.  However,  in  this  case,  there 
is  evidently  a  large  and  probably  beam-induced  mobility  of 
F  atoms  that  replenishes  the  surface.  The  mobility  is  suf¬ 
ficient  that  the  concentration  of  F  remains  constant  (to  the 
extent  that  we  can  determine)  throughout  the  film  and,  as 
a  result,  F  diminishes  uniformly  throughout  the  full  170  A 
thickness  as  the  irradiation  progresses. 

A  significant  variation  of  behavior  under  irradiation 
was  also  observed  as  a  function  of  beam  flux.  At  high 


FIG.  2.  Semilogarithmic  plot  of  the  ratio  of  F  to  Mg  as  a  function  of 
irradiation  deposited  beam  charge.  The  small  initial  deviation  from  2.0  is 
attributed  to  uncertainty  in  the  calibration  of  the  detector  and  is  not 
considered  to  be  significant.  TTie  change  is  slope  near  6  mC  may  be  real  or 
may  be  the  result  of  edge  effects. 


fluxes,  where  the  deposited  beam  energy  was  sufficient  to 
produce  target  heating,  the  magnesium  was  found  to  be 
removed  from  the  target  surface  also,  in  a  process  reminis¬ 
cent  of  the  depletion  of  magnesium  from  spinel  by  high 
voltage  electron  microscope  irradiations  which  has  been 
observed  by  Shaibani  et  al^  The  small  white  dot  visible  to 
the  left  of  the  primary  spot  in  Fig.  4  is  an  area  from  which 
all  of  the  film  was  stripped  by  the  use  of  an  intense  focused 
beam  spot.  This  effect  is  presumed  to  be  responsible  for  the 
loss,  mentioned  above,  of  about  25%  of  the  Mg  in  the  film 
in  the  first  two  irradiation  cycles.  During  these  cycles  some 
difficulty  was  experienced  in  producing  a  sufficiently  low 
intensity  He"^  beam.  It  is  interesting  that  this  did  not  sig¬ 
nificantly  affect  the  trend  toward  F  loss  as  shown  in  Fig.  2. 

We  have  observed  and  previously  reported  a  similar 
behavior  for  a  particle  erosion  of  a  CaF^  film.^  In  that  case 


FIG.  4.  Be  mirror,  2.5  cm  in  diameter,  after  a  dose  of  9  x  lO'*  a  particles/ 
cm^.  The  beam  spot  is  the  large  dark  area.  A  .smaller  light  spot  to  the  left 
is  an  area  from  which  all  of  the  MgF2  film  was  removed  by  a  separate 
irradiation  which  also  produced  local  heating. 
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we  speculated  that  the  similarity  in  crystal  structure  of  Ca 
metal  (fee  structure,  lattice  constant  =  5.582  A)  and  CaF2 
(fluorite  structure,  lattice  constant  =  5.462  A)  might  fa¬ 
cilitate  room-temperature,  beam-induced  F  migration  even 
in  a  polycrystalline  evaporated  film.  The  data  reported  here 
do  not  support  this  hypothesis.  The  structure  of  metallic 
Mg  (hep)  and  MgF2  (tetragonal)  are  quite  different  in 
contrast  to  the  similarity  of  Ca  and  CaF2.  It  is  possible  that 
in  both  cases  the  fluorine  mobility  is  an  artifact  produced, 
for  example,  by  migration  along  grain  boundaries.  How¬ 
ever,  crystalline  CaF2  is  known  to  be  an  ionic  conductor  at 
elevated  temperatures,^  More  probably,  ion  beam 
enhanced  mobility  of  fluorine  is  not  strongly  dependent 
upon  the  structure  of  the  material  but  rather  is  quite  large 
in  both  materials.  The  persistence  of  this  diffusion  with 
decreasing  F  (and,  therefore,  increasing  film  conductivity) 
argues  persuasively  that  its  origin  is  not  solid  state  electrol¬ 
ysis  initiated  by  beam-induced  charge  separation.^ 

To  summarize,  a  MgF2  thin  film  subjected  to  250  keV 
a  particle  irradiation  was  observed  to  experience  a  selective 
removal  of  F  that  ultimately  led  to  a  nearly  complete  re¬ 
duction  to  a  metallic  layer.  This  was  accompanied  by  a 
large  change  in  reflectance  which  was  observable  by  eye 
after  an  a  particle  fluence  of  about  10*^  cm  The  initial 
yield  of  F  was  2.2  atoms/a  particle  and  this  diminished 
approximately  in  proportion  to  the  amount  of  F  remaining 
in  the  film.  The  film  also  fluoresced  visibly  during  the  ini¬ 
tial  stages  of  the  irradiation.  We  offer  these  final  observa¬ 
tions.  The  use  of  MgF2  for  an  optical  coating  should  be 
avoided  when  the  element  will  be  exposed  to  a  particle 
(and  probably  also  proton)  irradiation  in  a  vacuum  envi¬ 


ronment.  Second,  in  a  thick  sample  the  loss  of  fluorine  at 
the  surface  can  be  masked  by  the  high  mobility  and  the 
large  volume  of  fluorine  available.  Therefore,  data  on  irra¬ 
diation  effects  obtained  by  the  study  of  bulk  MgF2  cannot 
be  easily  extrapolated  to  predict  the  behavior  of  thin  films. 
Third,  the  character  of  the  erosion  of  the  sample  is  strongly 
temperature  dependent  since  Mg  is  vaporized  at  elevated 
temperatures.  Finally,  in  experiments  designed  to  simulate 
the  effects  of  radiation  in  space, ^  it  is  essential  to  work  in  an 
ultrahigh  vacuum  environment  where  surface  effects  may 
be  properly  studied. 
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In  this  paper  we  describe  the  performance  of  a  recently  developed  time-of-flight  detector  for  surface  analysis  by  medium  energy 
ion  scattering  (MEIS).  Using  ions  in  the  100-500  kcV  energy  range,  this  detector  is  capable  of  providing  sensitivity  and  depth 
resolution  exceeding  that  of  conventional  MeV  Rutherford  backscattering  spectrometry  (RBS)  performed  with  a  surface  barrier 
detector.  For  the  detector  design  on  which  we  report  here,  the  timing  resolution  is  between  140  and  200  ps  and  the  effective  solid 
angle  is  about  3x10“^  sr.  In  future  designs  the  effective  solid  angle  should  be  easily  increased  by  a  factor  of  four  by  eliminating 
known  losses.  In  the  studies  reported  here,  the  energy  resolution  is  limited  by  the  intrinsic  resolution  of  the  ion  beam  used  to  make 
the  measurements.  This  paper  reports  measurements  of  the  detector  efficiency  as  a  function  of  energy  for  a  particles  and  provides 
examples  of  the  detector  performance  analyzing  thin  films  by  a  backscattering,  backscattering,  and  (forward)  elastic  recoil 
detection. 


1.  Introduction 

In  most  cases  the  lower  limit  of  projectile  energy 
used  for  surface  analysis  by  Rutherford  backscattering 
(RBS)  is  not  dictated  by  physical  considerations  but, 
rather,  by  the  energy  resolution  of  Si  surface  barrier 
detectors.  Thus,  in  common  practice,  energies  in  the 
1-3  MeV  range  have  come  to  be  preferred  [1].  In  fact, 
for  some  measurements  there  are  compeUing  reasons  to 
use  lower  energies.  A  comparison  of  a  particle  back- 
scattering  at  2  MeV  and  200  keV  in  A1  reveals  that  the 
cross  section  in  the  latter  case  is  approximately  two 
orders  of  magnitude  larger  and  that  the  stopping  power 
is  comparable.  The  former  leads  to  greater  sensitivity 
for  a  given  beam  fluence  while  the  latter,  combined  with 
the  much  better  energy  resolution  of  our  detector  com¬ 
pared  to  that  of  a  Si  surface  barrier  detector,  provides 
improved  depth  resolution. 

In  the  past,  the  principal  obstacle  to  the  use  of 
projectiles  in  the  100-500  keV  energy  range  has  been 
the  difficulty,  or  perhaps  more  accurately,  the  incon¬ 
venience  of  measuring  their  energy  after  backscattering. 
The  silicon  surface  barrier  detector  is  so  easy  to  use  and 
provides  measurements  of  such  high  quality  that  it  is 
used  almost  exclusively  today  in  routine  analyses.  How¬ 
ever,  for  a  particles  the  best  resolution  of  these  detec¬ 
tors  at  room  temperature  is  about  10  keV.  As  a  result,  it 
is  necessary  to  use  an  incident  beam  with  sufficient 
energy  to  guarantee  at  least  this  much  separation  be¬ 
tween  spectral  features  of  interest.  This  precludes  the 
general  use  of  surface  barrier  detectors  below  about  5(X) 
keV. 
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Electrostatic  analyzers  are  not  subject  to  this  restric¬ 
tion  and  can  be  made  to  have  very  high  resolving 
power.  However  they  have  disadvantages  when  used  for 
routine  thin  film  analyses.  Most  significantly,  they  can 
only  detect  ions.  This  complicates  the  analyses  of  spec¬ 
tra  especially  at  low  energies.  In  addition,  they  are 
single  channel  devices.  That  is,  they  can  examine  only 
one  energy  at  a  time.  To  measure  a  complete  spectrum 
it  is  necessary  to  successively  sweep  the  region  of  inter¬ 
est.  This  makes  electrostatic  analyzers  much  less  effi¬ 
cient  than  surface  barrier  detectors.  Finally,  electro¬ 
static  analyzers  are  large,  relatively  expensive  and  much 
less  convenient  to  use  than  surface  barrier  detectors.  As 
a  result,  they  have  found  their  principal  application  in 
surface  structure  studies  where  their  disadvantages  are 
less  important  [2]. 

In  a  previous  publication  [3]  we  presented  designs 
and  theoretical  analyses  of  two  time-of-flight  detectors 
for  use  in  backscattering  analyses  using  particles  in  the 
50-500  keV  range.  These  detectors  retain  most  of  the 
advantages  of  surface  barrier  detectors  while  cir¬ 
cumventing  the  disadvantages  of  electrostatic  analyzers. 
In  particular,  they  analyze  all  energies  simultaneously, 
instead  of  requiring  tuning  from  one  energy  to  another. 
Moreover,  to  first  order,  they  measure  the  energies  of 
both  ions  and  neutrals  with  equal  efficiency.  Thus,  as 
with  conventional  RBS  using  surface  barrier  detectors,  a 
knowledge  of  the  scattering  cross  section  is  sufficient 
for  the  quantitative  evaluation  of  thin  films.  For  the 
sake  of  brevity,  we  shall  refer  to  the  technique  of  thin 
film  analysis  by  time-of-flight  medium  energy  ion 
scattering  by  the  acronym  ToF  MEIS. 
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Fig.  1.  A  schematic  of  the  timc-of-flight  spectrometer.  Scattered 
particles  enter  from  the  left  along  the  long  axis  of  the  detector. 
The  distance  from  the  carbon  foil  to  the  start  detector  is  11.6 
cm  and  to  the  stop  detector  is  36.6  cm.  The  electron  and  ion 
trajectories  make  an  angle  of  30  ^ . 


The  general  design  of  the  detector  is  described  in  ref, 
[3].  In  this  work,  we  describe  some  of  the  details  of  the 
actual  implementation  of  this  design.  The  detector, 
which  is  shown  in  fig.  1,  consists  of  two  microchannel- 
plate  (MCP)  assemblies  and  a  negatively  biased  carbon 
foil  mounted  between  two  grounded  grids.  A  particle 
incident  on  the  detector  passes  through  the  carbon  foil 
(called  the  start  foil)  and  emits  secondary  electrons 
which  generate  a  pulse  (called  the  start  pulse)  in  the 
off-axis  channel  plate.  After  exiting  the  foil,  the  particle 
itself  travels  axially  through  the  length  of  the  detector 
and  initiates  a  second  pulse  (called  the  stop  pulse)  in 
the  axially  mounted  channel  plate.  The  interval  between 
these  pulses  is  measured  electronically  and  yields  the 
velocity  of  the  detected  particle. 

This  paper  describes  the  construction  and  measured 
performance  of  the  detector  and  gives  an  initial  evalua¬ 
tion  of  its  performance  as  a  thin  film  analyzer.  The 
detector  is  generally  very  well  behaved  and,  using  a 
mono-energetic  o  particle  source  (^^®Po),  performs  as 
predicted.  The  resolution  of  the  ToF  MEIS  technique  is 
found  to  be  limited  by  the  energy  spread  of  our  acceler¬ 
ator  beam. 

The  detector  has  an  efficiency  of  about  3%  (which 
might  be  viewed  as  the  effective  dl2/geometric  di?)  for 
100  keV  He.  The  measured  efficiency  is  a  smooth  func¬ 
tion  of  energy  that  is,  very  roughly,  proportional  to  }fE 
for  He.  An  interesting  effect  which  was  not  considered 
in  ref.  [3]  is  charge  exchange  in  the  start  foil  of  the 
detector.  This  effect  has  been  observed  experimentally 
and  is  found  to  complicate  somewhat  the  interpretation 
of  spectra. 


2.  General  structure  of  ToF  spectra 


Readers  familiar  with  RBS  energy  spectra  may  find 
the  ToF  spectra  unfamiliar  and  difficult  to  interpret. 
The  differences  results  from  the  transformation  from 
flight  time  to  particle  energy,  and  the  effect  of  the 
Jacobian  of  the  transformation  on  the  shape  of  the 
background  and  the  height  of  peaks. 

In  a  ToF  detector,  one  measures  directly  the  amount 
of  time  required  for  a  particle  to  pass  from  one  refer¬ 
ence  position  to  another.  Since  the  energy  of  a  particle 
is  £  a*  mu^/2,  and  the  velocity  computed  from  a  flight 
time  /  is  u  «  L/t  where  L  is  the  flight  path,  one  arrives 
at  £  =*  In  practice,  this  energy  must  be  cor¬ 

rected  for  the  energy  loss  in  the  start  foil  to  get  the 
actual  energy  of  the  backscattered  particle.  However, 
this  correction  is  small  and  nearly  constant,  so  it  does 
not  significantly  affect  the  discussion  which  follows. 
(For  a  complete  discussion  see  ref.  [3].) 

To  analytically  transform  a  spectrum  from  the  time 
domain 


div(r)-iv;(r)dr, 

to  the  energy  domain 

diV(£)-iV^(£)d£  =  Ar,(£(0)|^ 


d£. 


(1) 

(2) 


one  replots  the  time-domain  spectrum  as  a  function  of 
energy  and  multiplies  it  by  the  Jacobian  of  the  time-en¬ 
ergy  transformation. 


df  _  L\fm 

“  mL^  “ 


This  transformation  makes  peaks  at  high  energy  (short 
time)  in  the  ToF  spectrum  appear  much  smaller  in  the 
energy  spectrum  because  of  the  factor.  Thus,  peaks  in 
time-of-flight  spectra  corresponding  to  heavy  elements 
that  are  clearly  visible  when  the  spectrum  is  plotted  on 
a  linear  vertical  scale  may  become  invisible  when  the 
spectrum  is  transformed  to  an  energy  spectrum  unless  it 
is  plotted  on  a  logarithmic  vertical  scale. 

This  effect  is  demonstrated  in  figs.  2,  3a  and  3b.  Fig. 
2  is  an  unmodified  time-of-flight  backscattering  spec¬ 
trum  taken  using  our  detector  and  plotted  on  a  linear 
scale.  Note  the  height  of  the  heavy  element  peaks.  In 
fig.  3a,  the  spectrum  has  been  rebinned  into  an  energy 
spectrum  and  plotted  on  a  linear  scale.  Here  the  same 
peaks  are  barely  visible.  Fig.  3b  shows  the  energy  spec¬ 
trum  plotted  on  a  logarithmic  vertical  scale;  now  the 
peaks  are  again  distinct.  This  dynamic  range  compres¬ 
sion  is  a  convenient  intrinsic  feature  of  time-of-flight 
spectra  when  displayed  directly.  It  is  for  this  reason  that 
all  spectra  presented  in  this  paper  are  so  displayed. 

A  time-of-flight  spectrum  has  a  background  due  to 
random  coincidences  from  ions  and  also  probably  from 
beam  induced  X-rays.  This  background  is  observed  to 
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Hg.  2.  A  typical  time-of-flight  backscattering  spectrum.  This 
spectrum  was  produced  by  scattering  450  keV  ions  from 
an  A1  foil  with  thin  sputter  deposited  layers  of  Cu,  Ag  and  Al. 
The  areal  densities  of  Cu,  Ag,  and  Au  arc  respectively.  17  x 
10‘Vcm^»  1.0xlO*V«n^  and  SxlO^Vcm^-  This  spectrum  was 
accumulated  in  10^  s  with  about  10  nA  of  beam. 


be  flat  in  the  time  domain  (unlike  the  pile-up  in  an 
energy  spectrum  produced  using  a  surface-barrier  detec¬ 
tor)  and,  in  a  typical  spectrum  (for  example,  fig.  9) 
which  has  1000  counts/s  of  real  events,  the  random 
coincidence  background  is  about  20  counts/s.  This  flat 
background  in  the  time  spectrum  is  ideal  for  heavy 
clement  analysis  since  in  the  energy  domain,  the  back¬ 
ground  is  proportional  to  and,  therefore,  is  de¬ 

creasing  smoothly  and  steeply  at  high  backscattered 
energy,  where  heavy  element  peaks  are  found.  The 
simple  shape  of  this  background  makes  it  much  easier 
to  subtract  than  the  pileup  background  from  a  Si  detec¬ 
tor,  which  has  a  quite  complicated  shape. 

Ordinarily,  for  backscattering  spectroscopy,  where 
all  the  analyzed  ions  are  of  the  same  species,  the  effect 
of  the  transformation  from  the  time  to  the  energy 
domain  is  largely  cosmetic.  This  is  not  true  for  spectra 


Fig  3.  The  energy  backscattering  spectrum  corresponding  to 
the  dau  of  fig  2  plotted  (a)  on  a  linear  vertical  scale  and  (b) 
on  a  logarithmic  vertical  scale.  The  effect  of  the  Jacobian  of 
the  transformation  from  the  time-of-fiight  to  the  energy  do¬ 
main  is  to  obscure  the  high  mass  overlayers. 


that  may  contain  features  that  arise  from  different 
atomic  species.  An  important  example  of  this  principle 
is  the  analysis  of  light  ions  by  elastic  recoil  detection.  In 
this  spectroscopy  (which  is  used  primarily  to  detect  light 
species  in  a  heavy  target)  the  incident  ion  beam  causes 
target  atoms  to  be  forward  scattered  into  a  detector. 
The  energy  of  these  forward  scattered  particles  is  mea¬ 
sured  and,  by  considering  the  cross  section  and  kine¬ 
matics  of  the  collision,  the  type  and  number  of  light 
atoms  in  the  target  is  determined.  If  the  beam  species  is 
heavier  than  the  target  species  of  interest,  then  the 
energy  of  the  forward  recoil  is  less  than  that  of  the 
beam  ions  while  its  velocity  is  greater.  If  an  energy 
dispersive  detector  (such  as  a  surface  barrier  detector)  is 
used  for  the  analysis,  then  the  spectral  feature  associ¬ 
ated  with  the  light  target  species  may  be  in  a  region  that 
contains  a  large  background  from  scattered  beam  ions. 
In  a  time  dispersive  detector,  the  corresponding  spectral 
feature  will  be  unaffected  by  background  since  the  light 
target  atom  moves  faster  than  ions  of  the  incident  beam 
and,  therefore,  much  faster  than  any  scattered  ions  [4]. 
This  effect  can  produce  dramatic  improvements  in  the 
sensitivity  for  detecting  species  such  as  hydrogen.  An 
example  of  this  is  given  below. 


3.  Detector  design  and  construction 

The  detector  uses  a  1  pg/cm^  carbon  foil  (Arizona 
Carbon  Foil  Co.)  mounted  on  a  90%  transmission  70 
linc/in.  nickel  mesh  (Buckbee-Mears  Co.)  as  its  start 
foil.  Mounting  the  foil  on  the  mesh  makes  it  quite 
rugged;  we  have  had  no  problems  with  damage  to  the 
foil  during  routine  handling  or  during  venting  of  the 
system,  but  have  experienced  foil  failures  twice  at  the 
time  of  this  writing  These  are  characterized  by  high 
levels  of  electron  emission  from  the  start  foil  assembly 
which  occur  in  the  absence  of  an  ion  signal.  The  start 
foil  holder  is  fabricated  from  commercially  available 
general  purpose  ion  optical  components  (B-series  eV 
parts  from  Kimball  Physics,  Inc.).  The  nickel  meshes  for 
the  start  foil  and  for  the  ground  planes  are  attached  to 
the  stainless  steel  mounting  plates  using  Torr-Seal  resin 
(Varian).  The  carbon  foil  is  mounted  on  a  plate  which 
has  a  circular  opening  0.5  in.  (1.27  cm)  in  diameter.  The 
ground  plane  meshes  (also  90%  70  line/in.  Ni)  are 
mounted  on  plates  with  0.625  in.  (1.59  cm)  circular 
apertures. 

The  start-foU  assembly  is  tilted  at  30®  to  the  axis  of 
the  detector,  is  11.6  cm  from  the  start  microchannel 
plate,  and  is  36.6  cm  from  the  stop  MCP.  The  distance 
from  the  center  of  our  vacuum  chamber  to  the  start  foil 
is  30.5  cm.  We  use  a  —3  kV  bias  on  the  start  foil;  this 
value  is  not  critical. 

The  microchannel  plate  assemblies,  which  include 
integral  50  Q  impedance  matched  anode  structures 
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(Galileo  Electro-Optics  Corp.  part  FTD-2003)*  are  run 
in  grounded-anode  mode  with  a  22  M$2  anode  resistor 
and  a  total  bias  voltage  of  -2.1  kV  (including  the  drop 
across  the  anode  resistor).  In  front  of  each  assembly  is 
another  90%  transmission  mesh  that  establishes  a  groimd 
plane  parallel  to  the  biased  cathode.  The  pulses  from 
these  detectors  are  amplified  by  2  GHz  pulse  amplifiers 
(Phillips  Scientific  6954B-10)  and  then  passed  to  fast 
constant  fraction  discriminators  (Phillips  6915)  with  600 
ps  shaping  cables  and  a  50  mV  threshold.  The  time  to 
amplitude  conversion  is  performed  by  an  Ortec  566 
time  to  amplitude  converter,  and  the  events  are 
histogrammed  in  a  conventional  multichannel  pulse 
height  analyzer  (Canberra  Series  40). 

The  detector  is  housed  in  a  custom  made  enclosure 
with  4.5  in.  OD  Conflai  flanges  for  the  ports  and  3  in. 
tubing  (larger  than  the  usual  2.5  in.  tubing  used  with  4.5 
in.  Conflat  flanges).  The  entrance  aperture  for  the  de¬ 
tector  is  formed  by  mounting  the  detector  onto  the 
vacuum  chamber  using  a  solid  copper  gasket  with  a  12.5 
mm  diameter  hole  drilled  in  the  center. 


4.  Measured  detector  characteristics 

4.1.  Experimental  setup 

For  these  measurements  the  detector  was  used  in 
three  configurations.  Initially,  for  intrinsic  timing  reso¬ 
lution  measurements  it  was  used  in  a  stand-along  con¬ 
figuration  with  a  radioactive  a  particle  source.  For 
accelerator  based  backscattering  measurements,  the  ion 
beam  was  perpendicularly  incident  upon  the  target, 
with  the  detector  mounted  at  150  ®  with  respect  to  the 
beam.  For  the  forward  recoil  experiment,  the  detector 
was  mounted  at  an  angle  of  42®  with  respect  to  the 
beam.  In  the  accelerator  experiments,  the  target  was  not 
enclosed  in  a  Faraday  cage,  thus  the  accuracy  of  the 
current  integration  was  limited.  The  pressure  in  the 
scattering  chamber  during  accelerator  runs  was  typically 
below  10‘®  Torr  (1.3  x  lO”"^  Pa). 

4.2.  Energy  and  time  resolution 

To  measure  the  intrinsic  timing  resolution  of  the 
detector,  one  needs  a  source  of  particles  with  very 
narrow  velocity  spread.  We  chose  a  thin,  commercially 
manufactured  ^'^Po  a  source  (Isotope  Products  Labora¬ 
tories).  This  source  was  removed  from  its  (non-vacuum 
compatible)  holder  and  installed  in  the  vacuum  system 
with  our  detector.  The  source  produces  essentially 
monoenergetic  5.3044  MeV  a  particles.  Although  the 
count  rate  in  our  detector  from  this  source  was  very  low 
(3  X  10“^  counts/s),  it  was  sufficient  for  the  detector 
calibration.  We  collected  a  spectrum  for  2,4  X  10^  sec¬ 
onds  (2.8  days)  of  live  time  and  accumulated  7260 


counts  in  the  peak.  The  integrated  background  in  the  50 
ns  coincidence  window  of  the  detector  was  8  x  10”^ 
counts/s  corresponding  to  3  X  10*^  counts/s  in  the 
region  of  the  peak.  The  spectrum  from  that  nm  is 
shown  in  fig.  4.  Because  of  the  low  count  rate  of  the 
source  we  have  not  studied  the  complex  shape  of  the 
peak,  but  the  FWHM  of  the  peak  (excluding  the 
shoulder)  is  about  200  ps,  and  if  a  f^HM  is  deduced 
from  the  width  of  the  leading  edge  the  resolution  is  140 
ps.  Thus,  although  the  resolution  depends  on  how  it  is 
calculated,  the  worst  case  of  200  ps  compares  well  with 
the  theoretical  prediction  of  150  ps. 

For  data  taken  with  our  300  kV  accelerator,  the 
apparent  resolution  of  the  detector  is  much  worse  than 
that  measured  using  the  a  source.  We  have  determined 
that  the  origin  of  this  discrepancy  is  instability  in  the 
300  kV  power  supply  that  establishes  the  accelerating 
voltage.  The  voltage  ripple  on  this  supply  has  been 
measured  using  a  capacitive  pickup  and  found  to  be 
approximately  sinusoidal  with  amplitude  of  about  1  kV 
peak-to-peak  at  a  terminal  voltage  of  200  kV.  This  level 
of  ripple  is  sufficient  to  explain  most  of  our  apparent 
loss  of  resolution.  An  additional  factor  appears  to  be 
long  term  drift  in  the  voltage  of  the  300  kV  supply.  This 
is  less  easily  quantified  but  appears  to  be  comparable  in 
magnitude  to  the  ripple  and  affects  spectra  on  a  time 
scale  of  a  few  minutes.  A  new  high  voltage  power 
supply  with  superior  stability  and  ripple  specifications 
is  being  procured  to  eliminate  this  problem. 

Another  phenomenon  which  contributes  to  the  loss 
of  resolution  when  using  ions  from  the  accelerator  is  the 
splitting  of  peaks  which  results  from  charge  exchange  in 
the  carbon  start  foil.  If  an  ion  enters  the  foil  in  a  given 
charge  state  and  leaves  in  a  different  state,  it  will  gain 
or  lose  energy  in  multiples  of  the  3  kV  bias  on  the  C 
foil.  This  will  produce  side  lobes  at  an  energy  separation 
of  3  keV  on  spectral  features  that  would  otherwise  be 


Hg  4.  The  time-of-flight  spectrum  for  5.3044  MeV  a 
particles.  This  spectrum  was  used  to  determine  the  intrinsic 
timing  resolution  of  the  detector.  The  peak  appears  to  be  a 
composite  of  at  least  two  components  but  the  low  activity  of 
the  source  precluded  our  investigating  the  structure  in  detail. 
The  timing  obtained  just  above  the  shoulder  (at  0.6  of  peak 
height)  is  200  ps.  The  resolution  as  determined  from  the 
leading  edge  of  the  pulse  is  140  ps. 
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isolated  peaks  [5].  In  most  cases  which  we  have  ob¬ 
served,  these  side  peaks  correspond  to  =  ±l  and  are 
somewhat  smaller  than  the  central  (A^»0)  peak  (see 
the  oxygen  and  carbon  peaks  of  fig.  6).  The  intrinsic 
resolution  of  the  detector  is  sufHciently  small  (perhaps 
less  than  500  eV  for  all  flight  times  shown  in  fig.  6)  that, 
if  the  ion  beam  energy  did  not  have  the  instability 
discussed  above,  the  splitting  would  be  extremely  well 
resolved  at  all  energies.  For  the  spectra  shown,  the 
splitting  can  only  be  resolved  for  scattering  from  low 
mass  species  such  as  C,  O  and  Si  where  the  3  keV  is  a 
large  fraction  of  the  total  backscattered  energy.  When 
combined  with  the  instability  of  the  accelerator  beam, 
this  charge  exchange  splitting  results  in  an  apparent  6 
keV  resolution  for  many  of  our  spectra. 

The  detector,  in  its  present  configuration,  has  a 
geometric  solid  angle  of  about  1  X  10^^  sr,  or  about  ten 
times  larger  than  we  had  discussed  in  our  earlier  paper. 
With  this  large  solid  angle,  the  ultimate  resolution  of 
the  system  is  limited  by  the  kinematic  shift  in  energy 
with  scattering  angle.  With  a  stable  ion  beam,  it  will  be 
necessary  to  reduce  this  solid  angle  to  about  2  X  10*"*  sr 
to  achieve  a  resolution  which  is  not  degraded  by  kine¬ 
matics. 


4.3,  Efficiency 

To  measure  the  efficiency  of  the  detector  for  a 
particles,  we  have  compared  thick  target  a  particle 
backscattering  spectra  with  computed  spectra  for  several 
combinations  of  target  species  and  initial  beam  energy. 
The  ratio  of  measured  to  computed  yield  is  taken  as  the 
detector  efficiency. 

For  He  at  most  energies  on  an  arbitrary  light  sub¬ 
strate,  multiple  scattering  is  not  significant,  and  a  thick 
target  spectrum  can  be  synthesized  directly  based  upon 
a  single  scattering  approximation.  For  these  cases  we 
have  synthesized  spectra  according  to  the  following 
procedure.  We  assume  that  the  incident  beam  direction 
is  normal  to  the  target  surface,  and  that  the  scattering 
cross  section  da(E\^)/dQ  and  the  particle  range  R{E) 
are  known  as  a  function  of  energy.  The  laboratory 
scattering  angle  ^  is  assumed  to  be  fixed  as  are  the 
incident  beam  energy  E^  and  incident  projectile  and 
target  atomic  numbers  and  masses.  To  synthesize  a 
spectrum,  one  considers  a  set  of  final  detected  energies 

and  solves  the  transcendental  equation 

J?(£o)  -  R{E’)  =  |cos(<')  |[2?(k£')  -  /?(£,)], 

(4) 

to  get  the  energy  E'{Ef)  at  which  the  corresponding 
scattering  occurs.  The  factor  k  is  the  well  known  kine¬ 
matic  factor  which  expresses  the  fraction  of  its  kinetic 
energy  that  a  particle  retains  in  collision.  The  number  of 


Fig.  5.  The  measured  efficiency  of  the  detector  shown  in  fig.  1 
for  a  particles  in  the  energy  range  from  25  keV  to  150  keV. 
The  data  are  presented  as  an  effective,  energy-dependent  solid 
angle  for  the  detector.  The  geometric  solid  angle  subtended  by 
the  detector  is  approximately  1  msr. 


backscattered  particles  per  unit  energy  per  sr  per  inci¬ 
dent  particle  is  then  computed  as: 


d^N{Q) 

dl2d£f 


a{E') 


AEf 


(5) 


The  cross  section  a{E')  is  computed  by  numerically 
differentiating  the  scattering  integral  from  the  “Magic 
Formula”  used  in  the  TRIM  code  [6].  By  performing 
this  procedure  sequentially  for  each  a  spectrum  is 
generated. 

For  a  particles  incident  on  heavier  substrates  multi¬ 
ple  scattering  in  the  target  must  be  considered  and  a 
more  elaborate  procedure  must  be  used  to  generate 
reference  spectra.  For  the  case  of  44  keV  a  particles 
incident  on  a  Au  target,  the  thick  target  spectrum  was 
computed  using  an  in-house  implementation  of  TRIM 
using  the  Ziegler-Biersack-Littmark  universal  potential 
[7]. 

Fig.  5  shows  the  measured  detector  efficiency  for  a 
particles  as  a  function  of  energy.  For  convenience,  the 
efficiency  is  expressed  as  an  effective  solid  angle  sub¬ 
tended  by  the  detector.  Thick  targets  of  Be,  A1  and  Au 
were  used  as  were  various  incident  beam  energies  rang¬ 
ing  from  44  keV  on  Au  to  254  keV  on  Al.  The  calcu¬ 
lated  efficiencies  in  all  cases  agreed  within  about  10%. 
(These  measurements  had  only  one  free  parameter,  an 
absolute  scale,  which  was  used  to  scale  each  curve  for 
the  uncertainty  in  beam  current  integration.)  The  result¬ 
ing  efficiency  (fig.  5)  is  independent  of  the  target  used 
and  is  a  smooth  function  of  the  a  particle  energy.  This 
efficiency  has  been  used  to  correct  spectra  in  order  to 
make  accurate  quantitative  measurements  of  thin  films 
as  discussed  in  the  next  section. 


5.  Thin  film  analysis 

In  this  section,  we  present  spectra  which  highlight 
particular  features  of  the  time-of-flight  spectrometer 
and  demonstrate  its  application  to  the  analysis  of 
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flight  time  (ns) 

Fig.  6.  A  time-of-llight  spectnun  obtained  by  scattering  185 
keV  a  particles  from  a  commercially  manufactured  Be  foil.  The 
O  forming  the  native  oxide  on  the  surface  is  the  most  distinct 
feature  of  the  spectrum.  Also  present^  however,  are  several 
features  associated  with  contaminants  on  the  foil.  Note  espe* 
dally  the  complex  structure  of  the  C  feature  and,  less  obvi¬ 
ously,  the  similar  shape  of  the  O  peak.  TTiis  structure  is  caused 
by  charge  exchange  in  the  start  foil  (fig.  1)  which  produces 
energy  shifts  in  multiples  of  3  keV  for  particles  which  enter 
and  leave  the  start  foil  in  different  charge  states.  The  detector 
is  capable  of  fully  resolving  these  artifacts  when  used  with  a 
suffidently  stable  accelerator  beam. 


surfaces  and  thin  films.  These  spectra  were  taken  from 
various  samples,  some  of  which  were  made  expressly  for 
detector  calibration  and  some  of  which  were  of  previ¬ 
ously  unknown  or  only  partially  known  composition. 

5.1.  Helium  backscattering 

Fig.  6  shows  an  a  particle  backscattering  spectrum 
obtained  by  bombardment  of  a  commercially  prepared 
0.25  mm  Be  foil  whose  method  of  manufacture  and 
treatment  prior  to  delivery  were  unknown.  The  stated 
purity  of  the  foil  was  99.5%  for  metal  contaminants  and 
99%  for  total  impurities.  The  sample  was  washed  with  a 
freon  TF  spray  before  analysis  but  was  otherwise  un¬ 
treated.  The  Be  substrate  is  identified  as  the  edge  at  the 
right  of  the  Bgure.  The  most  prominent  feature  of  the 
spectrum  is  the  large  oxygen  peak  associated  with  the 
native  oxide  on  the  surface.  Also  visible,  however,  is  a 
significant  carbon  contamination.  The  presence  of  this 
carbon  both  before  (not  shown)  and  after  freon  degreas¬ 
ing  indicates  that  it  is  not  part  of  a  loosely  adhering 
surface  film  of  oil.  Cl^ly  visible  are  three  heavy  ele¬ 
ment  peaks  with  masses  near  those  of  Q,  Fe,  and  Pb.  A 
significant  background  arising  from  the  bulk  contami¬ 
nants  is  clearly  present.  Because  of  the  charge  exchange 
phenomenon  discussed  above,  low  mass  peaks  such  as 
the  carbon  peak  have  a  complicated  structure.  Note  that 
in  this  spectrum  higher  masses  are  to  the  left  since 
scattering  from  them  leads  to  shorter  flight  times.  Con¬ 
ventional  RBS  spectra  measured  with  energy  dispersive 
detectors  have  high  mass  features  to  the  right. 

The  spectrum  from  the  second  sample  of  practical 
interest  is  shown  in  fig.  7.  This  is  the  result  of  a 
backscattering  from  a  device-grade  Si  wafer  which  has 


Hg.  7.  A  time-of-fUght  spectrum  of  185  keV  a  particles 
scattered  from  a  Si  wafer  with  a  very  thin  sputter-deposited 
layer  of  Ta.  The  inset  contains  an  expanded  view  of  the  high 
mass  region  of  the  spectrum.  Note  the  second  peak  to  the  right 
of  the  Ta  peak.  This  feature  is  caused  by  a  small  amount 
(about  1.2X  lO'Vcni^)  of  Br  which  was  deposited  in  the  clean¬ 
ing  process.  The  Ta  layer  contains  only  about  1.1  x  10’** 
atoms/cm^  but  is  larger  because  of  a  larger  scattering  cross 
section. 


been  etched  in  HF/HNO3  and  then  rinsed  in  a 
Br/mcthanol  solution.  (This  is  a  commonly  used  clean¬ 
ing  procedure  for  Si  wafers.)  This  wafer  was  then  coated 
with  about  1.1  X  of  Ta  by  sputtering  a  Ta 

target  with  Ar.  It  is  important  to  note  that  the  Ta  is 
clearly  visible,  even  though  the  layer  is  much  thinner 
than  would  commonly  be  used  in  device  fabrication. 
Further,  the  residual  Br  from  the  Br/methanol  wash  is 
quite  evident,  and  is  calculated  to  be  present  at  a  level 
of  1.2  X  lO^Vcm^ 

5,2,  Elastic  recoil  detection 

In  fig.  8  we  show  an  elastic  recoil  detection  (ERD) 
spectrum  obtained  by  185  keV  He*^  ions  normally 
incident  on  a  5  p.g/cm^  carbon  foil  supported  on  a  Ni 
mesh.  The  detector  is  positioned  at  an  angle  of  42® 
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Fig.  8.  An  elastic  recoil  spectrum  produced  by  185  keV  a 
particles  incident  on  a  5  jig/cm^  C  foil  mounted  on  a  Ni  mesh. 
This  spectrum  was  accumulated  in  500  s  with  about  35  oA  of 
beam.  The  dominant  feature  of  the  spectrum,  the  elastic 
scattering  of  the  a  particles  from  C  atoms,  has  been  truncated 
for  clarity.  The  most  significant  feature  of  the  spectrum  is  the 
peak  identified  with  elastically  scattered  H  which  is  present  as 
a  contaminant  in  the  sample.  This  peak  corresponds  to  a 
surface  layer  of  about  10^  Ven^- 
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with  respect  to  the  incident  beam.  This  spectrum  was 
obtained  m  500  s  with  a  beam  current  of  about  35  nA. 
The  most  prominent  feature  of  the  spectrum  is  the  large 
peak  corresponding  to  a  particles  elastically  scattered 
from  C.  (This  peak  sits  atop  a  large  background  result¬ 
ing  from  a  scattering  in  the  Ni  mesh.)  However,  the 
most  significant  feature  is  the  small  hydrogen  peak.  As 
discussed  above,  this  feature  is  in  a  region  of  the  spec¬ 
trum  that  is  almost  completely  without  background. 
Using  an  energy  dispersive  detector,  this  peak  would  be 
much  more  difhcult  to  distinguish  because  it  would  be 
in  a  region  of  high  background  caused  by  scattered 
beam  ions.  Techniques  such  as  the  use  of  a  thick  stop¬ 
ping  foil  to  range  out  the  beam  ions  have  been  em¬ 
ployed  but  they  inherently  produce  a  loss  of  resolution 
[8,9].  The  hydrogen  feature  in  fig.  8  is  calculated  to 
correspond  to  approximately  1  X  H  atoms/cm^. 
We  estimate  on  the  basis  of  these  data  that,  with  a 
comparable  number  of  incident  ions,  we  would  be  able 
to  measure  hydrogen  in  this  foil  at  a  concentration  of 
about  0,02  at.%  (200  ppm)  with  10%  statistical  error. 
This  sensitivity  exceeds  that  of  ref.  [10]  when  the  same 
criteria  for  sensitivity  are  used.  Longer  run  times  or 
heavier  incident  ions  (Li,  Q  will  yield  yet  more  sensitiv¬ 
ity. 

5.3.  Heavy  ion  backscattering 

For  the  detection  and  identification  of  heavy  ele¬ 
ment  overlayers  on  materials,  it  is  benericial  to  scatter 
an  ion  which  is  heavier  than  He  because  a  larger  kine¬ 
matic  shift  in  energy  will  occur.  This  larger  energy 
dispersion  facilitates  the  discrimination  of  heavy  species 
whose  masses  are  too  close  together  to  be  differentiated 
by  a  backscattering.  In  addition,  if  the  incident  particle 
is  more  massive  than  the  substrate,  single  event  back- 
scattering  from  the  substrate  is  kinematically  forbidden. 
This  can  improve  the  sensitivity  for  the  detection  of 
overlayers  significantly.  Recently,  a  few  groups  have 
begun  to  use  time-of-flight  techniques  for  (MeV)  heavy 
ion  Rutherford  backscattering  (HIRBS)  [11,12].  How¬ 
ever,  this  work  has  typically  been  carried  out  with 
projectiles  whose  initial  energies  are  several  MeV.  Al¬ 
though  excellent  mass  resolution  and  sensitivity  have 
been  demonstrated  in  HIRBS  analyses,  beams  of  such 
high  energy  typically  deposit  a  large  amount  of  energy 
in  the  target  and  are,  thus,  quite  damaging.  In  addition, 
such  applications  of  HIRBS  are  limited  to  those  labora¬ 
tories  which  have  larger  accelerators. 

Although  our  detector  was  not  originally  conceived 
for  heavy  ion  work,  calculations  (ref.  [3])  in  the  design 
phase  of  this  project  indicated  that  the  detector’s  per¬ 
formance  for  heavy  ions  with  velocities  corresponding 
to  at  least  50-l(X)  keV/u  should  be  excellent.  It  was 
less  certain  from  theoretical  considerations  whether  or 
not  meaningful  ToF  MEIS  thin  film  analyses  with  heavy 


the  same  A1  target  used  for  fig  2.  An  expanded  view  of  the 
high  mass  region  of  the  spectrum  is  shown  in  the  inset.  A 
comparison  of  figs.  2  and  9  clearly  demonstrates  the  advantage 
of  using  heavy  ions  for  backscattering  when  improved  high- 
mass  resolution  is  important.  Note,  however,  that  the  presence 
of  O  is  not  revealed  in  the  C  spectrum  of  fig.  2  because  the 
resulting  backscattered  energy  is  too  low  to  measure. 


ions  would  be  possible.  Data  obtained  thus  far  confirm 
that  heavy  ion  ToF  MEIS  is  not  only  possible  but  is  a 
useful  complement  to  light  ion  MEIS. 

.  Because  of  the  present  instability  and  upper  limit  of 
our  beam  energy  and  additional  limitations  imposed  by 
our  ion  source,  we  have  not  yet  tested  the  detector 
under  optimum  conditions  for  heavy  ions  (such  as  might 
be  obtained  using  500  keV  Li^"^  or  1  MeV  C^'*')  and 
have,  therefore,  not  yet  attempted  to  measure  its  ef¬ 
ficiency  for  these  species.  Nonetheless,  the  performance 
observed  for,  for  example,  450  keV  is  quite  respec¬ 
table.  In  figs.  9  and  2,  we  show  a  comparison  of  spectra 
obtained  from  the  same  sample  using  185  keV  He  and 
450  keV  backscattering.  This  sample  is  an 

aluminum  foil  which  was  used  as  a  catcher  foil  in  a 
sputtering  experiment  and  has  roughly  3  x 
Au,  1.0  X  lO^V^ni^  Ag  and  2.7  X  lO'^/cm^  Cu  on  its 
surface.  Note  that  in  the  He  scattering  spectrum,  the  Au 
and  Ag  peaks  are  poorly  resolved  (although  if  our  ion 
beam  energy  were  stable,  these  peaks  would  be  well 
resolved).  By  using  C,  all  of  the  species  are  completely 
resolved  although  the  background  (presumably  from 
low  energy  recoils)  is  higher.  We  believe  that  with  a 
stable  C  beam  at  300  keV  we  will  be  able  to  resolve  the 
isotopes  of  Cu.  With  a  beam  of  around  1.4  MeV  C,  the 
isotopes  of  Ag  should  be  fully  separated  [3]. 

5.4.  Sensitivity 

I 

The  issue  of  sensitivity  in  thin  film  analysis  by 
backscattering  is  complicated,  because  it  involves  detec¬ 
tor  efficiency,  detector  resolution,  various  forms  of 
background  and  the  sputtering  rate  of  the  substrate  by 
the  ion  beam.  The  time-of-flight  detector  discussed  here 
has  essentially  no  intrinsic  background  in  the  absence  of 
the  accelerator  beam.  The  spread  in  beam  energy  which 
degrades  mass  resolution  also  degrades  ultimate  sensi- 
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tivity  since  peaks  are  spread  out  over  a  greater  region  of 
the  background.  Even  with  our  present  energy  resolu¬ 
tion,  however,  it  is  possible  to  make  very  sensitive 
measurements  of  sparse  overlayers.  The  A1  foil  shown  in 
fig.  9  has  only  about  3  X  10^  of  Au  on  its  surface, 
yet  the  resulting  signal  is  3  times  the  background.  In  a 
second  example  (fig.  6),  we  note  that  in  20  minutes  of  a 
backscattering  we  have  detected  2.5  X  10^^/cm^  of  a 
contaminant  which  is  thought  to  be  Pb  and  have  done 
so  with  a  statistical  error  of  6%.  In  this  case,  the 
resulting  spectral  feature  was  a  factor  of  30  above  the 
background  (note  that  this  is  peak  height/ background, 
not  signal/noise;  there  are  1100  counts  in  the  whole 
peak  and  only  72  counts  of  background  so  signal  to 
noise  is  dominated  by  the  ^|N  statistics  of  the  peak 
itself).  We  expect  the  sensitivity  for  submonolayer  films 
to  improve  by  at  least  a  factor  of  five  when  we  install 
the  high-stability  power  supply  on  our  accelerator.  This 
implies,  for  a  counting  rate  twice  background,  a  sensi¬ 
tivity  of  about  3  X  for  heavy  elements  on  a 

light  substrate  using  a  200  keV  He  beam.  Using  other 
targets  and  longer  run  times  we  have  achieved  sensitivi¬ 
ties  of  3  X  10^^/cm^  with  the  present  apparatus.  Based 
upon  these  results,  we  believe  that  the  ultimate  sensitiv¬ 
ity  of  ToF  M£IS  using  a  particles  with  the  present 
detector  will  be  about  3  X  lO'Vcm^-  As  fig.  2  suggests, 
the  sensitivity  may  be  much  better  using  heavy  ions,  as 
is  the  case  with  heavy  ion  Rutherford  backscattering 
[13]. 

We  note,  finally,  that  the  Rutherford  scattering  cross 
section  decreases  more  rapidly  with  increasing  beam 
energy  (£"^)  than  does  the  sputtering  yield  (roughly 
£“^).  In  the  energy  range  where  we  are  working,  the 
cross  sections  calculated  as  described  above  are  within 
about  20%  of  the  Rutherford  values.  For  example,  using 
the  equations  of  Matsunami,  et  al.  [14]  the  sputtering 
yield  for  carbon  on  silicon  is  found  to  be  0.03  at  400 
keV  and  0.002  at  10  McV.  Thus,  at  the  higher  energy, 
the  sputtering  yield  has  fallen  a  factor  of  15  while  ^e 
cross  section  has  fallen  a  factor  of  roughly  600.  As  a 
result,  MEIS  is  preferred  over  conventional  MeV  RBS 
for  maximum  sensitivity. 

5.5.  Depth  resolution 

Depth  resolution  in  thin  film  analysis  by  back- 
scattering  is  determined  approximately  by  the  energy 
resolution  of  the  particle  detector  divided  by  the  stop¬ 
ping  power  of  the  ion  in  the  sample  [1].  ToF  MEIS 
excels  in  depth  resolution  because  of  the  excellent  tim¬ 
ing  (energy)  resolution  of  the  detector  and  because  the 
stopping  power  of  the  ion  in  the  sample  at  keV  and 
MeV  energies  is  comparable.  In  order  to  demonstrate 
the  depth  resolution  of  ToF  MEIS  we  have  created  a 
target  with  vertical  structure. 

Fig.  10  shows  a  spectrum  obtained  from  a  sample  of 


Fig.  10.  A  dme-of-fUght  spectrum  of  a  particles  backscattered 
from  a  Be  foil  sample  with  a  1.8  ng/crn^  C  overlayer.  The 
presence  of  the  C  covering  the  native  oxide  produces  a  clearly 
visible  shift  in  the  position  of  the  O  peak  which  is  only  about 
3.6  keV.  Energy  shifts  of  500  eV  in  the  centroid  of  peaks  are 
detectable  and  with  improved  accelerator  beam  stability,  shifts 
of  100  eV  should  be  observable. 


the  same  Be  foil  used  in  fig.  6  that  has  been  covered 
with  a  carbon  foil  whose  nominal  thickness  is  1  pg/cm^ 
(about  40  A).  Note  that  in  fig.  10  the  oxygen  peak  is 
significantly  shifted  to  lower  energy  (longer  flight  time) 
because  the  oxygen  is  physically  below  the  carbon  foil. 
With  a  knowledge  of  the  rate  of  energy  loss  of  He  in 
carbon  one  can  infer  from  this  shift  that  the  carbon 
thickness  is  1.8  pg/cm^,  in  reasonable  agreement  with 
the  nominal  thickness.  An  independent  measure  of  the 
carbon  thickness  may,  of  course,  be  made  using  the 
total  number  of  counts  in  the  carbon  peak  and  the  cross 
section  for  He  scattering.  The  two  results  are  consistent 
within  errors.  Notice  that  the  3.6  keV  energy  shift  of  the 
oxygen  peak  is  easily  resolved  (even  by  eye)  in  this 
spectrum.  Since  the  resolution  of  Si  surface  barrier 
detectors  used  in  conventional  MeV  RBS  is  typically  15 
keV,  this  shift  would  be  very  difficult  to  detect  with 
conventional  backscattering.  We  estimate  (conserva¬ 
tively)  that  with  a  stable  ion  beam  ToF  MEIS  vrill  be 
able  to  resolve  structural  differences  corresponding  to 
about  10^^  atoms/cm^  using  a  normally  incident  ion 
beam.  Care  must  be  taken  in  analyzing  complex  targets 
by  ToF  MEIS  since  masses  may  be  misidentified  if  they 
are  present  as  buried  layers  even  a  few  ^gstroms  below 
the  surface. 


6.  Summary 

Time-of-flight  medium  energy  ion  scattering  has  been 
shown  to  be  a  powerful  new  technique  for  surface  and 
thin  films  analyses  both  in  backscattering  and  forward 
recoil  configurations.  It  provides  information  compara¬ 
ble  to  that  provided  by  RBS  but,  in  principle,  surpasses 
RBS  in  sensitivity  and  depth  resolution.  The  time-of- 
flight  spectrometer  is  simple,  reliable  and  almost  as  easy 
to  use  as  a  Si  surface  barrier  detector.  It  has  been 
demonstrated  to  work  well  with  protons.  He  and  heavy 
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ions  such  as  C,  N  and  O.  It  excels  at  elastic  recoil 
detection,  because  light  recoils  are  detected  at  short 
flight  times  where  the  detector  shows  very  low  back¬ 
ground. 
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We  are  developing  a  new  time-of-flight  particle  energy  spectrometer  for  use  in  the  10-200  keV/u  range.  This  spectrometer  is 
designed  as  a  detector  for  medium  energy  ion  scattering  (MEIS)  surface  analysis,  MEIS,  when  applied  to  the  charged  component  of 
scattered  particles,  has  been  demonstrated  to  be  a  useful  complement  to  Rutherford  backscaltering  analysis  (RBS)  and  low  energy 
ion  scattering  (LEIS)  in  the  elemental  and  structural  analysis  of  surfaces  and  thin  films.  However,  despite  its  demonstrated 
advantages,  it  has  never  come  into  widespread  use  because  of  the  difficulty  of  energy  analyzing  uncharged  particles  in  the  relevant 
energy  range  of  10-250  keV.  Our  detector  will  be  equally  sensitive  to  both  scattered  ions  and  neutrals  and  calculations  indicate  that  it 
will  enable  MEIS  to  rival  conventional  RBS  in  precision,  speed  and  ease  of  use  and  to  surpass  it  in  sensitivity,  surface  specificity  and 
depth  resolution. 


1.  Introduction 

The  four  most  widely  used  tools  for  determining  the 
composition  of  a  surface  are  Auger  electron  spec¬ 
troscopy  (AES),  secondary  ion  mass  spectrometry 
(SIMS),  low  energy  ion  scattering  (LEIS),  also  called 
ion  scattering  spectrometry  (ISS),  and  Rutherford  back- 
scattering  analysis  (RBS).  In  each  of  these  techniques,  a 
probe  beam  of  particles  is  directed  onto  the  surface  to 
be  investigated.  The  interaction  of  one  of  these  primary 
particles  with  the  atoms  of  the  material  causes  either  the 
emission  of  a  particle  or  the  reflection  of  the  primary 
particle.  The  analysis  of  this  secondary  particle’s  prop¬ 
erties  gives  information  about  the  surface. 

Of  the  techniques  noted,  RBS  most  directly  provides 
reliable  quantitative  information  about  the  composition 
of  the  surface  under  study  [1,2],  This  is  because  in  RBS 
the  fundamental  interaction  is  the  Coulomb  interaction 
•  between  the  nucleus  of  the  primary  ion  and  that  of  the 
surface  atom  with  which  it  collides.  This  makes  RBS 
much  less  sensitive  to  the  chemical  environment  of  the 
surface  than  the  other  techniques,  all  of  which  depend 
upon  atomic  phenomena  for  their  effectiveness. 

The  literature  on  medium  energy  ion  scattering 
(MEIS)  through  the  mid  1970s  has  been  reviewed  by 
Buck  [3],  A  significant  motivating  factor  for  much  early 
MEIS  work  was  the  need  to  understand  neutralization 
in  scattering  in  order  to  interpret  the  results  of  data 
obtained  with  electrostatic  analyzers.  A  significant  ad¬ 
vance  in  developing  a  spectroscopy  uniting  the  ad¬ 
vantages  of  RBS  and  LEIS  has  been  made  by  Saris’s 
group  at  the  FOM  Institute  for  Atomic  and  Molecular 
Physics  in  the  Netherlands  [4]  following  earlier  work  by 
van  Wijngaarden  et  al.  [5]  and  Feuerstein  et  al.  [6].  The 
intrinsic  lower  limit  of  primary  beam  energies  for  which 
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RBS  retains  its  quantitative  accuracy  is  determined  by 
the  deviation  of  the  true  cross  section  from  the  Ruther¬ 
ford  value.  For  an  incident  beam  of  protons  this  limit  is 
around  30  keV.  However,  the  effective  limit  is  set  by  the 
resolution  of  the  detector  used.  The  only  detectors 
which  are  common  today  are  solid  state  Si  surface 
barrier  detectors.  These  devices  are  simple,  accurate  and 
inexpensive,  but  even  the  best  have  a  particle  energy 
resolutions  of  about  10  keV.  This  relatively  high  value 
sets  a  lower  limit  on  the  energy  beam  of  several  hundred 
keV.  The  Dutch  group  avoids  this  difficulty  by  using  a 
large  electrostatic  spectrometer  which  can  analyze 
scattered  ions  when  the  incident  projectile  is  typically 
50-200  keV  [7]. 

In  this  paper  a  new  detector  is  described  which,  as 
preliminary  calculations  indicate,  will  lead  to  reliable 
ion  scattering  analyses  using  proton  beams  with  en¬ 
ergies  as  low  as  20-40  keV.  It  is  based  upon  a  time-of- 
flight  technique  which  was  developed  for  use  in  nuclear 
physics  [8,9]  and  which  more  recently  has  been  applied 
in  heavy  ion  RBS  [10-15].  In  our  detector,  the  start 
pulse  is  produced  by  a  microcharmel  plate  detecting  the 
secondary  electrons  from  a  1  ^tg/cm^  carbon  foil,  and 
the  stop  pulse  is  produced  by  the  impact  of  the  back- 
scattered  particle  on  another  microchannel  plate. 

The  time-of-flight  technique  will  be  superior  to  the 
current  procedure  using  electrostatic  analyzers  in  two 
very  important  respects.  First,  the  time-of-flight  method 
will  be  sensitive  to  both  scattered  neutrals  and  ions 
whereas  the  electrostatic  analysis  detects  only  ions.  This 
becomes  increasingly  important  as  the  energy  of  the 
beam  is  decreased.  Second,  the  time-of-flight  technique 
is  inherently  capable  of  analyzing  the  flight  time  of  each 
particle  that  enters  the  sensitive  solid  angle  and  will  be 
much  faster  (or,  equivalently,  less  invasive)  than  single 
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channel  detectors  such  as  electric  and  magnetic  sectors. 
When  compared  with  conventional  RBS,  it  is  also  ex¬ 
pected  to  be  more  surface  specific  (since  the  range  of 
the  primary  ions  in  the  target  is  shorter  and  the  stop¬ 
ping  power  higher),  and  to  have  a  depth  resolution  of 
perhaps  a  little  as  0.6  nm  [5].  In  addition,  using  50  keV 
protons  it  will  be  about  400  times  more  sensitive  than 
conventional  RBS  with  2  MeV  He'*'  because  of  the 
larger  cross  section  at  lower  energies. 


2.  Spectrometer  design 

A  schematic  diagram  of  the  prototype  of  the  Mark  I 
spectrometer  is  shown  in  fig.  la.  This  prototype  is 
currently  being  constructed  at  Vanderbilt.  Ions  which 
have  been  scattered  from  the  target  surface  in  the 
direction  of  the  detector  pass  through  the  first  of  two 
grids  held  at  ground  potential  and  then  through  a  1 
pg/cm^  self-supporting  carbon  foil  which  is  at  a  poten¬ 
tial  of  —  1  to  —  5  kV.  As  the  backscattered  ion  exits  the 
foil  it  causes  the  emission  of  secondary  electrons  which 
are  accelerated  by  the  electric  field  between  the  foil  and 
the  second  grid.  The  electrons  subsequently  strike  the 
microchannel  plate  detector  and  generate  a  start  pulse. 
Meanwhile,  the  backscattered  ion  continues  past  the 
second  grid  to  be  stopped  by  collision  with  a  second 
microchannel  plate  which  generates  a  stop  pulse.  The 
time  interval  between  the  start  and  stop  pulses  is  mea¬ 
sured  by  a  time  to  digital  converter  and  a  time-of-flight 
spectrum  is  accumulated  by  the  data  acquisition  com¬ 
puter.  Our  spectrometer  will  have  a  50  cm  ion  flight 
path  and  a  15  cm  electron  flight  path.  The  electrons  will 
be  accelerated  to  a  transport  energy  of  3  keV.  Because 
of  the  short  flight  distance  of  the  electrons,  no  electro¬ 
static  focussing  will  be  needed  to  assure  that  they  strike 
the  microchannel  plate  detector.  We  are  using  Galileo 
FTD-2003  microchannel  plates  (a  chevron  plate  desig¬ 
ned  for  saturated  pulse  operation)  with  their  special 
50  Q  anode  designed  for  fast  timing  applications.  The 
data  acquisition  will  be  performed  by  an  Apple  Macin¬ 
tosh  II  computer  driving  a  CAMAC  crate  through  an 
IEEE-488  bus. 

Fig.  lb  shows  the  design  for  the  Mark  II  detector 
which  we  will  test  when  we  have  completed  construc¬ 
tion  of  the  Mark  I  version.  The  Mark  II  design  will 
dispense  with  off-axis  electron  detection,  which  is  used 
in  the  Mark  I  to  allow  the  electron  detector  to  be  close 
enough  to  the  foil  so  that  it  subtends  a  large  enough 
angle  to  permit  collection  of  ail  of  the  emitted  electrons. 
Instead,  the  electrons  will  be  transported  over  the  same 
path  as  the  heavy  particles,  and  will,  be  confined  by  a 
weak  electrostatic  lens.  This  design  will  substantially 
simplify  the  spectrometer,  but  does  require  careful  de¬ 
sign  of  the  electron  optics.  The  lens  used  must  be  as 
weak  as  possible  so  that  it  does  not  significantly  affect 


the  trajectories  of  the  heavy  particles,  since  not  all  of 
the  particles  will  be  charged  and  any  electric  fields 
could  destroy  the  insensitivity  of  our  system  to  charge 
state.  In  the  design  of  our  system,  the  electrons  being 
transported  will  have  energies  no  greater  than  5  keV, 
and  the  heavy  particles  will  have  energies  typically  in 
excess  of  50  keV;  thus,  a  lens  sufficiently  strong  to 
confine  the  electrons  should  not  strongly  influence  the 
higher  energy  heavy  particles. 

For  most  particle  scattering  spectroscopies,  three 
important  figures  of  merit  are  the  energy  resolution  of 
the  detector,  the  solid  angle  of  the  detector,  and  the 
scattering  cross  section.  For  the  MEIS  technique,  the 
scattering  cross  section  o  is  quite  large  compared  with 
the  cross  sections  typically  encountered  in  MeV  He 
scattering.  What  a  new  detection  scheme  must  provide 
is  a  large  solid  angle  and  good  energy  resolution.  For 
typical  MeV  particle  scattering  systems,  an  energy  reso¬ 
lution  of  about  1%  (15  keV  at  1.5  MeV)  is  considered 
very  good,  and  solid  angles  of  around  10“^  sr  are 
typical.  Our  detector  should,  without  difficulty,  be  ca¬ 
pable  of  subtending  a  solid-angle  dQ  of  order  10  and 
ad  12  (hence  total  sensitivity)  exceeding  substantially 
that  of  MeV  He  scattering.  The  remaining  parameter  to 
be  addressed  is,  then,  the  resolution. 

The  resolution  of  the  system  we  are  building  will  be 
affected  by  a  number  of  variables:  the  acceleration  time 
of  the  secondary  electrons;  the  flight  time  of  the  sec¬ 
ondary  electrons;  the  intrinsic  timing  resolution  of  the 
electron  detector;  the  energy  loss  of  the  particle  travers¬ 
ing  the  carbon  foil;  the  intrinsic  timing  resolution  of  the 
ion  detector;  and  the  intrinsic  timing  resolution  of  the 
pulse  amplifiers,  discriminators  and  time-to-digiial  con¬ 
verter.  The  apparent  flight  time  of  a  particle  in  the 
system  is 

^  L _ ^ 


where  is  the  electron  flight  time.  Eq  is  the  scattered 
particle  kinetic  energy,  is  the  energy  lost  by  the 
particle  in  the  carbon  foil,  m,  is  the  scattered  ion  mas 
(assumed  exact),  and  L  is  the  flight  distance: 

£  =;  - ^ 


Thus,  the  fractional  energy  resolution  is 


4 


+ 


2 


where  8  A£  is  the  rms  energy  straggling  in  the  foil,  8tf 
is  the  rms  uncertainty  in  the  stop  pulse  time,  8/,.  is  the 
rms  uncertainty  in  the  start  pulse  time,  and  8L  is  the 
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Fig.  1.  Schematic  of  time-of-flight  detector  design,  showing  (a) 
the  Mark  I  prototype  design  and  (b)  the  Mark  II  design. 


rms  uncertainty  in  the  flight  path  length.  For  the  Mark 
I  spectrometer,  the  uncertainly  in  flight  path  is 
dominated  by  the  difference  in  flight  path  due  to  the 
angle  B  between  the  start  foil  and  the  stop  detector.  A 
simple  integration  yields  an  rms  value  8L  =  (r/2)  sin  B 
where  r  is  the  radius  of  the  start  foil  aperture.  In  the 
Mark  II  model,  the  foil  is  parallel  to  the  detector,  so  the 
only  uncertainty  is  due  to  real  flight  path  differences, 
which  are  insignificant. 

We  calculate,  based  on  simple  kinematics  for  the 
electrons  and  on  the  specified  timing  resolution  of  our 
electronics,  that  the  system  will  have  a  timing  resolution 
5/^  for  the  start  pulse  of  about  150  ps.  When  this  is 
combined  with  the  uncertainty  due  to  straggling  in  the 
foil,  we  get  energy  resolutions  E/LE  which  range  from 
around  200  to  around  400,  depending  on  the  species 
scattered.  Thus,  the  technique  has  a  resolution  greatly 
exceeding  that  available  with  Si  surface  barrier  detec¬ 
tors,  which  have  maximum  resolutions  of  about  E/LE 
- 100  for  2  MeV  helium  ions  and  much  lower  resolu¬ 
tions  at  lower  energies  and  with  heavier  ions. 

The  resolution  of  a  scattered  panicle  detector  affects 
its  ability  to  measure  a  number  of  different  properties 
of  a  surface.  First,  it  will  affect  the  depth  resolution 
attainable,  although  this  resolution  is  often  limited  by 
factors  other  than  the  detector.  Second,  it  will  affect  the 
mass  resolution,  i.e.  the  ability  of  the  system  to  dis¬ 
tinguish  the  masses  of  the  species  on  the  surface  from 
which  the  particle  was  scattered.  The  energy  lost  by  a 
particle  in  a  single  binary  collision  is 

A£  =  ^  sin^ ( tf/2) , 

(wi+mi) 

where  nii  is  the  mass  of  the  scattered  particle,  m2  is  the 
mass  of  the  target  particle,  and  B  is  the  center-of-mass 
scattering  angle.  When  m2  ^  is  small  so  one 

finds  that  for  a  given  energy  resolution,  mass  resolution 
decreases  with  increasing  mass.  Thus,  a  figure  of  merit 


for  mass  resolution  is  the  highest  mass  at  which  Am  =  1 
can  be  distinguished.  Referring  back  to  the  above  for¬ 
mula,  one  can  convert  a  given  mass  resolution  into  an 
energy  resolution.  This  can  then  be  related  through 
velocity  to  the  intrinsic  timing  resolution  of  the  spec¬ 
trometer  and  the  energy  spread  of  the  scattered  particles 
produced  by  their  passage  through  the  foil  in  the  detec¬ 
tor,  In  the  discussion  and  compulations  below,  we  pre¬ 
dict  the  resolution  of  the  spectrometer,  both  as  £/A£ 
and  as  the  mass  at  which  Am  -  1  is  just  resolved. 

The  timing  uncertainty  in  the  acceleration  and  trans¬ 
port  of  the  secondary  electrons  depend  on  their  initial 
distribution,  the  acceleration  voltage,  the  distance  over 
which  the  acceleration  occurs,  and  the  length  of  the 
drift  region  between  the  acceleration  grid  and  the  elec¬ 
tron  detector.  As  all  of  the  distances  in  the  problem  are 
made  smaller  and  the  voltages  larger,  the  timing  uncer¬ 
tainty  due  to  the  initial  energy  distribution  of  secondary 
electrons  from  the  start  foil  decreases;  however,  mecha¬ 
nical  and  electrical  considerations  limit  the  ultimate  size 
and  voltage  that  can  be  achieved.  The  actual  timing 
calculations  are  done  using  the  trivial  kinematic  for¬ 
mulas  from  classical  physics,  which  are  exact  for  this 
calculation. 

The  time  required  for  an  electron  to  travel  from  the 
start  foil  to  the  end  of  the  acceleration  region  is  com¬ 
puted  by  solving  the  quadratic 

</=•  ^  +Oo'= 

-^.=+V27i7s:,. 


where  d  is  the  distance  from  the  foil  to  the  accelerating 
grid,  Vq  is  the  acceleration  voltage,  TJj  is  the  initial 
kinetic  energy  of  the  electrons  and  m^  and  are  the 
electron  mass  and  charge,  respectively.  This  can  be 
more  conveniently  recast  in  natural  units  with  — 
m^  =  511  keV/c^,  and  Tq  expressed  in  eV  to  yield 


d=Q. 


Let  the  solution  of  this  equation,  obtained  by  the 
quadratic  formula,  be  designated  The  drift  time 
between  the  accelerating  grid  and  the  detector  can  be 
computed  from  the  total  kinetic  energy  of  the  electron. 
The  energy  after  acceleration  will  be  T  =  7J)  +  FJ,  (in 
eV)  and  the  drift  speed  will  be 


2iTo+Vo) 
Vi  =  cJ - — 

V  »«eC 


and  the  flight  time,  r,.  will  be  f,  =  l/v^,  where  /  is  the 
distance  between  the  grid  and  the  detector.  Then,  /  ==  <1 
+  tj  is  the  total  electron  flight  time  and  i(Tq  =  0)  -  ((Tg 
=•  max  secondary  energy)  is  our  estimate  of  the  timing 
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Table  1 

Predicted  resolution  and  sensitivity  of  the  detector  for  various 
beam  species:  m  *»  mass  of  the  scattered  particle,  z  »  charge  of 
scattered  particle.  E  (keV)  =  energy  of  scattered  particle, 
£/4£  »  resolution  of  detector,  »  the  highest  target  nuclide 
mass  for  which  Am  - 1  should  be  resolvable,  £b  *  the  incom¬ 
ing  beam  energy  required  to  produce  a  scattered  particle  of 
energy  £  (keV)  from  a  target  nucleus  of  mass  o(Au)  ~  the 
cross  section,  in  A^,  for  scattering  a  particle  of  energy  Eq  from 
an  Au  nucleus  at  135®;  provided  for  comparison.  These  cross 
sections  are  computed  from  the  ZBL  universal  potential  (16}  to 
include  corrections  for  non-Rutherford  scattering. 


m 

z 

£(keV) 

£/A£ 

£b 

1 

1 

25 

230 

28 

28 

9663 

1 

1 

50 

290 

32 

56 

2942 

1 

1 

100 

301 

32 

111 

806 

1 

1 

200 

253 

29 

225 

206 

2 

1 

50 

338 

48 

58 

2754 

2 

1 

100 

400 

52 

114 

768 

2 

1 

200 

351 

49 

230 

197 

4 

2 

300 

370 

71 

364 

311 

6 

3 

300 

328 

82 

385 

606 

10 

5 

1000 

322 

105 

1386 

135 

12 

6 

1000 

312 

114 

1435 

180 

16 

8 

1000 

265 

122 

1569 

262 

28 

14 

3000 

283 

167 

5350 

69 

35 

17 

4000 

281 

187 

7643 

49 

spread  attributable  to  the  secondary  electron  energy 
distribution.  The  more  conventional  technique  of  ex¬ 
panding  a  Taylor  series  to  get  5r/87J)  does  not  work 
well  here  since  St^/STo  is  infinite  at  7J)  =  0. 

If  we  assume  an  initial  energy  spread  of  20  eV  for 
the  secondary  electrons,  an  acceleration  distance  of  1 
cm,  an  acceleration  voltage  of  2  kV,  and  a  drift  path  of 
20  cm,  the  total  timing  uncertainty  is  110  ps.  The  actual 
electron  flight  time,  including  acceleration,  is  8.3  ns. 
The  assumption  of  a  20  eV  secondary  electron  energy 
spread  is  probably  conservative;  it  is  likely  to  be  smaller. 
In  table  1,  we  use  a  150  ps  total  timing  resolution  8/^. 

The  precision  in  measuring  the  scattered  particle’s 
flight  time  is  also  limited  by  the  uncertainty  in  the 
energy  loss  of  the  particle  in  the  foil  used  to  generate 
the  start  pulse.  This  uncertainty  contains  two  terms,  one 
due  to  the  intrinsic  variation  in  energy  loss  known  as 
straggling,  the  other  due  to  variations  in  the  foil  thick¬ 
ness.  For  the  foils  we  are  using  (1  pg/cm^  of  carbon), 
we  estimate  for  50  keV  deuterons  a  total  energy  loss  of 
about  590  eV,  with  a  variation  due  to  straggling  about 
132  eV.  The  uncertainty  due  to  variations  in  the  thick¬ 
ness  of  the  foil  can  be  estimated  at  5%  of  the  total 
energy  loss,  based  upon  the  manufacturer’s  guarantee  of 
uniformity  of  the  foils.  Adding  the  two  uncertainties  in 
quadrature  yields  a  final  estimate  for  the  resolution  for 
the  detector.  As  can  be  seen  in  table  1,  the  resolution 
£/A£  can  approach  400,  and  is  above  300  for  many 


beams.  If  this  resolution  is  achieved,  it  will  be  unprece¬ 
dented  for  charge-state-independent  detection  of  par¬ 
ticles  in  this  energy  range  and  will  allow  extremely  high 
quality  backscattering  spectra  to  be  collected.  Some 
features  of  this  table  are  important  to  highlight.  First, 
note  the  cross  section  for  100  keV  deuterons  on  gold  is 
7.6  X  10~*  A^;  for  comparison,  the  cross  section  for  2 
MeV  He  is  6.8  10~®  A^,  a  factor  of  100  smaller.  Another 
important  feature  is  the  very  high  value  for  the  unit 
mass  separation  limit,  mj,  that  can  be  realized  using 
heavy  ions.  For  a  Li  beam  at  300  keV  (which  will  be 
routinely  available  with  our  accelerator),  we  predict  a 
unit  mass  separation  at  masses  as  high  as  80  u.  This  is 
extremely  difficult,  if  not  impossible,  to  do  using  con¬ 
ventional  RBS  or  even  heavy-ion  RBS  at  the  normal 
energies  used  with  Si  surface  barrier  detectors. 


3,  Conclusion 

Time-of-flight  medium  energy  ion  scattering  prom¬ 
ises  to  be  a  technique  capable  of  providing  unprece¬ 
dented  sensitivity  and  resolution  for  surface  analysis.  It 
will  provide  detailed  structural  information  in  conjunc¬ 
tion  with  channeling  and  blocking  techniques.  Because 
of  the  large  scattering  cross-section,  lower  total  beam 
fluences  will  be  required  and  surface  damage  induced 
by  the  analyzing  beam  will  be  minimized.  In  addition,  it 
will  provide  better  resolution  and  simpler  operation 
than  pulsed-beam  time-of-flight  measurements,  since  it 
is  very  difficult  to  perform  pulsed-beam  worked  with 
resolution  much  better  than  1  ns. 

Support  for  this  project  has  been  provided  by  the 
School  of  Engineering,  the  College  of  Arts  and  Science, 
and  the  University  Research  Council  at  Vanderbilt  Uni¬ 
versity. 
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